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SULFOFICA TION IN SOILS 
By P. E. Brown and E. H. Kellogg 
Sulfur has long been known to be one of the essential plant 
food constituents. It has always been believed, however, that 
there was sufficient present in all soils for the optimum growth 
of crops. 'rhis assumption has been very largely based on 
Wolff's analyses1 of the ashes of various crops which showed thE' 
presence of very small amounts of sulfur. 
'rhe recent work of many investigators has demonstrated, how-
ever, that the amount of sulfur in plant materials as determined 
in the ash is, in most cases, entirely too low; that there is a con-
siderable loss of sulfur in the process of igniting; and that the 
amount found in the ash may therefore be a very small part of 
that originally present in the plant tissues. 
Hart and Peterson2 have summarized the work of previous 
investigators and have themselves made analyses of numerous 
farm products for sulfur content using the Osborne method. A 
comparison of their results with the earlier analyses of Wolff 
showed definitely that by the old method a large portion of the 
total sulfur in all plants was volatilized in the ignition, in some 
instances as much as 90 % being lost, and that the sulfur content 
of crops or the amount of this element removed from the soil by 
the growth of most ordinary farm crops was much greater than 
had previously been supposed. 
It is evident therefore that the amount of sulfur present in 
soils may be of considerable moment in soil fertility studies and 
that some soils may be deficient in this element to such an extent 
that crops may suffer. Indeed the evidence of several experi-
ments which will be cited later tends to show that sulfur may be 
the limiting factor of growth in certain cases just as nitrogen, 
phosphorus, and potassium are so often found to be. 
Hart and Peterson analyzed several soils for total sulfur and 
they found that normal soils were relatively poor in this con-
stituent, containing from 0.033-0.140 % of sulfur trioxide (SOJ, 
most of them, however, less than 0.1000 %. This amount was 
practically the same as the content of phosphorus pentoxide 
(P 20 ,;) in the soils. 'rhey showed also that soils cropped fo1' 
50-60 years and either unmanured or receiving but slight ap-
plications during that period lost on the average -10 % of the 
sulfur trioxide originally present as determined by comparison 
with virgin soils. Where farm manure was applied in regular 
and fairly liberal amounts, however, the sulfur content of 
the soil was maintained and even increased. 'rhey estimated the 
'Wolff Aschen Analyses. 
"Rsch. Bull. Wis. Agri. Expt. Sta. 14. 
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annual amount of total sulfur trioxide precipitated with the rain 
at 15-20 Ibs. per acre p er annum, and from the analyses of the 
drainage waters at Rothamsted calculated the loss by drainage at 
about 50 Ibs. per acre yearly. 'l'he conclusions they reached were 
therefore that the losses of sulfur from the soil by drainage 
and cropping are much larger than can be met by the amount 
brought down in the rain, and that some carrier of sulfur such 
as farm manure, superphosphate, ammonium sulfate, sulfate of 
potassium, or gypsum must be applied to soils if they are to be 
maintained in a permanently fertile condition. 
A bulletin by Shedd" received after this work was under way 
gives the analyses of numerous Kentucky soils and the results 
confirm the earlier work in W iscollsin. Constant culti vatiOlJ 
without manuring was again shown to lead to a loss of sulfut 
from the soil and the amounts of sulfur present were usually 
found to be smaller than the amounts of phosphorus. As a nil e 
the better agricultural areas showed a higher sulfur as well as a 
greater phosphorus content, leading to the conclusion that there 
is a close relation between the sulfur and phosphorus content 
of soils and their agricultural value. The conclusion was reached 
here also that the addition of sulfur in some form is essential it 
soils are to be maintained fertile permanently. 
No further study of sulfur in soils has been carried out ill 
this country as far as the authors are aware and it is hoped that 
the work reported here will add to our knowledge along this line 
and supplement the Wisconsin and Kentucky results to such 
an extent that the question of sulfur fertilization as a necessity 
for permanent agriculture may receive more widespread COll-
sideration and definite principles may be reached which shall be 
of more than local application. 
This work was not begun, however, primarily for the purpose 
of studying the sulfur content of Towa soils but with the object 
of determining the importance and extent of bacterial action in 
preparing sulfur for plant food and of devising methods for 
the estimation of such bacterial action. 
It is known that sulfur occurs in soils mainly in complex 
organic compounds, only small amounts of sulfites, sulfates, and 
sulfides and other mineral sulfur compounds being present. Tt 
is likewise known that plants require sulfur in the form of 
sulfates and hence it is evident that the process of the trans-
formation of organic sulfur compounds into sulfates is of great 
importance from the standpoint of the feeding of crops. 'fhis 
transformation or oxidation has been termed "sulfofication' ) 
by Lipman in his admirable scheme' of nomenclature for bac-
teriological processes in the soil and it will be employed in this 
work as a general term to include the oxidation of organic sulfur 
3Bull. , Kentucky Agri. Expt. Sta., 174. 
'Botan. Gazette, 51: 454, June, 1911. 
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compounds, sulfides, and free sulfur with the production of 
sulfates. 
The fact that bacteria are active in the oxidation of sulfur 
compounds has been recognized but the activities of bacteria in 
the soil in bringing about a production of sulfates have not been 
studied to any extent previously. This is due, of course, to the 
fact that the sulfur feeding of plants has been considered of 
little importance and now that there are indications that the 
presence and production of sulfates in soils may be of vital 
significance to crop growth it is evident that the agencies bring-
ing about sulfofication in soils should be carefully studied for 
they may throw considerable light on fertility problems and 
lead to improved methods of soil treatment which would bring 
about greater crop production and also maintain the soil in a 
permanently fertile condition. 
The transformation of sulfur from organic combination into 
sulfates occurs in several stages, just as is the case in the pro-
duction of nitrates from proteins. First there is the production 
of hydrogen sulfide from the proteins. Large numbers of organ-
isms are able to decompose proteins with the liberation of this 
gas. All the decay bacteria are able to bring about this reaction 
and in fact, wherever protein destruction occurs there is a pro-
duction of hydrogen sulfide. Further oxidation of this material 
immediately occurs through the activities of the sulfur-oxidizing 
or "sulfofying" bacteria. There are two large groups of these 
organisms which have been described, the red, Rhodobacteriaceae 
or Purpurbakterien, and the Thiobacteriaceae or colorless group. 
These organisms bring about the oxidation of sulfur in two 
stages. 'rhe first is the change from hydrogen sulfide to free 
sulfur which is deposited in granules in the cells of the bacteria. 
The second stage in the process is the oxidation of this free 
sulfur to sulfates in which form the sulfur is available to plants. 
The sulfates produced are taken up by plants and the plant 
and animal residues in the soil are attacked by decay bacteria 
and sulfofying organisms and there is therefore a cycle of sulfur 
in nature just as there is a cycle of nitrogen, and bacteria play 
a most important part here also in making the cycle complete. 
Winograd sky lias isolated nine different species which have the 
power of oxidizing hydrogen sulfide with the production. first 
of sulfur and then of sulfates, and he has shown the rather ex-
tensive distribution of these in nature. 'rhere are undoubtedly 
many organisms in the soil which are able to oxidize sulfur 
compounds, some with which such oxidation is probably purely 
secondary and others with which it is a primary function. 
Future experiments will undoubtedly deal with the sulfofying 
bacteria in the soil and more definite information regarding their 
characteristics will be accumulated. For the present we must 
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make a grouping on a physiological basis and classify all organ-
isms which oxidize sulfides and free sulfur to sulfates as sulfo-
fying bacteria. 
The problem of. the proper sulfur feeding of crops is undoubt-
edly largely bacterial in nature. 'l'hat is, as bacteria are the 
agents which prepare the sulfates for plant food, if they are 
weak and inefficient, sulfate production might be expected to be 
slow and crops to suffer, even although abundance of total sulfur 
was present in the soil. A supplying of organic matter contain-
ing sulfur is therefore insufficient to insure the proper amount 
of sulfates for crop growth. The efficiency of the sulfur-oxidiz-
ing or sulfofying bacteria must be ascertained also. In other 
words the" sulfofying power" of the soil must be determined. 
Do soils have a sulfofying power? If so, how may it be de-
termined ~ What soil conditions affect it ~ Is there any relation 
between the sulfofying power of soils and the proper sulfur 
feeding of plants ~ Can methods be devised to increase the sul-
fofying power of soils or, in other words, the efficiency of the 
sulfofying bacteria ~ These are some of the questions which 
arise immediately in our minds. A big field is opened up here 
and one which has been practically untouched by investigation. 
Much work must of course be done which is rather preliminary 
in nature and negative results are to be expected and, indeed, 
in many cases will be quite as valuable as positive results. 
'1'he present work deals very largely with the question, "Do 
soils have a sulfofying power ~" and "If so, how may it be 
determined ~" A study of the other questions is being carried 
on and much data is being accumulated which will be published 
later. The experiments described here are those which have 
shown that soils do have a sulfofying power, that this power is 
determinable by laboratory methods, and that the physical char-
acteristics and certain methods of soil treatment influence to a 
considerable extent the ability of a soil to produce sulfates. 
Some analyses of typical Iowa soils have also been made and 
the results obtained indicate that sulfur may be lacking and that 
this element should not be neglected in systems of permanent 
agriculture, although methods which are employed to maintain 
the store of other essential constituents may suffice to keep up 
the supply of sulfur also. The question as to whether special 
methods are necessary to insure the optimum sulfofication in soils 
is necessarily left for future more extended investigations to 
answer although the present work indicates that such is not the 
case. 
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HISTORICAL 
Before entering upon a discussion of the experimental results 
it will be well to outline very briefly the previous work along 
the line of sulfur fertilization and sulfur transformation in the 
soil. 
1'he work of Hart and Peterson and that of Shedd has already 
been mentioned and while these two investigations throw son{e 
light on the problem of the need for sulfur in soils, they do not 
deal with the production of sulfates. The same is true of most 
of the investigations carried on abroad, only a few even suggest-
ing the importance of the formation of sulfates by bacteria. 
In 1905 Dymond, Hughes and Jupe5 reported that there was 
insufficient sulfuric acid in soil or supplied by rain for heavy 
yielding crops rich in albuminoid, either for the production of 
greatest yield or the highest feeding value and for such crops a 
sulfate should be included in the artificial manures. For cereal 
crops and for permanent pasture the soil and rain provide all 
the sulfuric acid necessary. They concluded that the percentage 
of sulfuric acid extracted by hydrochloric acid no more repre-
sents the supply available for a crop during its whole period of 
growth than the percentage of nitrates represents available nitro-
gen. They found also upon comparing the amounts of sulfates 
produced in two soils, one of which was kept sterile and the other 
inoculated with a bacterial infusion, that there was an increase of 
0.008 % sulfates produced by oxidation due to bacteria over the 
amount produced in the sterile soil. Their fertilization tests 
showed cabbages benefited by sulfates, red clover increased 20%, 
while oats, barley and swedes were not benefited. Excessive 
quantities of sulfates were found to be injurious to crops owing 
to the action on the physical condition of the soil. 
DaikuharaG conducted pot experiments with three soils which 
showed that even less than 0.02 % sulfuric acid (S03) was suf-
ficient to meet the sulfur requirements of barley plants. 
Suchting7 in 1907 showed that sulfate of ammonia increased 
the yield of potatoes more than sodium nitrate and this result 
may have been due in part at least to the sulfate introduced. 
Bernhards in 1910 in his study of the effect of sulfur on potato 
scab, found that sulfur disinfects the soil and puts it in better 
physical condition causing quicker and more intensive action of 
commercial fertilizers and the production of more available food-
stuffs. He concluded that sulfur played a greater role in plant 
nourishment than previously ascribed to it. 
5J ourn. Agri. Se. 1: 217. 1905-1906. 
"Bull. Imp. Cent. Agr. Expt. Sta. Japan. 1": 135. 1907. Expt. Sta .. Ree .• 1911 : 1022. 
7Journ. Landw. 55: 1; Chern. Ahst. 113 : 1754 (19071. 
8Deut. Landw. Presse. 3718 : 204 (1910) ; Expt. Sta. Ree. 238 : 744. 
oJ. Agr. Prato 1: 267 (1910); Chern. Abst. 516 : 2687. Engrais. 26: 685; Chern. 
Ahst. 5' 8 : 3116. 
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Om'lim'o studied the effect of magnesium sulfate and man-
ganese sulfate on the yields of beets, potatoes, and hay and found 
a small increase in the hay crop but none with the beets and 
potatoes; indeed with the MnS04 the yields of these crops were 
somewhat reduced. Evidently here the sulfate addition was un-
necessary or the magnesium or manganese was injurious. · 
Maizeres'o obtained a large increase in beets and potatoes when 
sulfur at t11e rate of 250-500 kg. pel' hectare was used and he 
attributed the increase to disinfecting action but found that the 
composition of the plant was also modified. 
Ohancrin and Desriot" used sulfur to cure potato diseases and 
found that it was not only effective for that purpose but that it 
increased the yield and they suggest that the beneficial effect 
may be due to an action similar to that of heat, OS2' etc. 
lIm'linger'" obtained similar increased yields of potatoes when 
sulfur was applied. 
Boullanger'3 applied a small amount of flowers of sulfur to 
various crops and obtained 10-40% increased yields. The crops 
increased were carrots, beans, celery, lettuce, sorrel, endive, po-
tatoes, onions, and spinach. When the soil was sterilized first 
and the plants grown under sterile conditions the sulfur had 
little action. He concluded that the sulfur acts by modifying 
the development of bacteria. 
Degrully14 applied 109 gm. of sulfur per square meter of soil 
and doubled the beet crop and increased the turnips 33 %. He 
found the greater part of the sulfur appearing later as the sul-
fate and concluded that the increased crop was due to the sulfates 
formed or to a stimulating effect of the sulfur on the plants. 
Demolon '5 found that flowers of sulfur added to garden soil 
gave an effect on various crops as evidenced by a better growth 
of leaves and roots and a favoring of the production of chloro-
phyll. He found also that snlfur was oxidized to sulfates in the 
soil. 
Boullanger and Dugardin'G attempted to explain the fertiliz-
ing action of sulfur on the basis of its effect on the supply of 
available nitrogen. They studied the effect of sulfur on ammoni-
fication, nitrification, and nitrogen-fixation, using the solution 
method, and they found that ammonification was increased by 
small amounts of sulfur, nitrogen-fixation was not affected and 
nitrification was dcpressed by any sulfur beyond very small 
amounts. They concluded that in the presence of sulfur plants 
filld more of assimilable ammonium salts and that it may be that 
10Engrais, 26: 685; Chern. Abst., 5"": 3872. 
l1J. Agr. Prat., 21: 427; Chern. Abst., 6": 789. 
"Wiener Landw. Ztg., 62: 132; Chern. Abst., 6": 1201. 
'''Compt. Rend. 154: 369; Chern. Abst., 6'0: 1332. 
14 Prog. Agr. Vit., 57: 321; Chern. Abst. 6
'
": 1649. 
15Cornpt. Rend. 154: 524; Chern. Ahst., 6'5 : 2129. 
l·Compt. Rend. 155: 327; Chern. Ahst. 601: 3152. 
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crops which can utilize ammonium salts are the ones most bene-
fited by sulfur. 
Sabashnikov17 obtained increased yields of barley and rye 
where flowers of sulfur were added to a soil containing 0.082% 
sulfuric acid (S03) ' 
Bernhard18 found that sulfur increased the yield of potatoes 
and mangolds and later experiments1V showed increased yields of 
beans, onions, peas, potatoes, and asparagus, ranging from 2-25%. 
Giannetto's results20 showed, however, that when applied alone 
sulfur decreased the yield of potatoes but increased the yield 
when used with other fertilizers. 
Liercke21 found that fertilizers containing sulfates gave better 
results with fruits than other fertilizers and Demolon~2 obtained 
marked increases in yields of beets and parsnips in pot experi-
ments when flowers of sulfur were applied. 'l'he latter investiga-
tor found also that under ordinary conditions sulfur is oxidized 
by soil microorganisms to sulfates and the fertilizing action is 
due partly to the action on microorganisms and partly to the 
formation of sulfuric acid, which either acts directly as a source 
of sulfur or by its action on bases, especially calcium, makes more 
mineral matter available to plants. It is not stated how thc 
sulfates were extracted but probably hydrochloric acid was used. 
'rhis point will be referred to later. 
Urban23 found that sulfur had a very slight effect on sugar 
beets, there being no difference in color, sugar content or quality 
of the beet juice. 
Chancrin and DesriotU obtained slightly increased yields of 
potatoes and beets with applications of 200-400 kg. of sulfur per 
hectare and also with smaller aml)Unts. 2G 
'l'halau2G studied the action of sulfites, thiosulfates, and sulfur 
on the growth of plants in soil and he found that ammonium 
sulfite had relatively the same action in loam soil as ammonium 
sulfate, in sandy soil somewhat less, while in peat soils much lower 
yields were sccured. In water solutions, however', it was toxic 
even in minute amounts. In the soil ammoniulll sulfite was found 
to be oxidized very quickly to the sulfate. The action of calcium 
sulfite was very much the same. Sodium thiosulfate had no toxic 
action on plant growth. Sulfur in the form of a sulf-albumin 
did not show any effect on plant growth. 
17Russ. Journ. Expt. Landw., 13G : 817 (1912); Expt. Sta. Rec., 288 : 726. 
18Deut. Landw. Presse. 39: 275; Chern. Abst., 7": 530. 
l'Chern. Abst., 7": 1071. 
20Bol. quind. Soc. Agr. Ital., 17 : 425; Chern. Abst. 7': 1254. 
21Deut. Obstbau. Ztg., 4: 75; Chern. Abst., 710 : 2823. 
22Cornpt. Rend., 156: 725; Chern. Absto, 710 : 2822. 
23Z. Zuckerind. Bohrnen, 37: 441; Chern. Abst., 721 : 3685. 
24J. Agr. Prato n. ser., 23: 365; Chern. Abst., 723 : 4038. 
20J. Agr. Prato n. ser., 25: 364; Chern. Abst. 723 : 4038. 
26Landw. Vel's. Stat., 82: 161; Chern. Abst. 723 : 4038. 
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Heinze21 reports preliminary investigations which indicate that 
the action of sulfur is similar to that of carbon disulfide but he 
believes that it is not entirely biological and that there is a chemi-
cal effect which is not clearly understood yet. 
Vermorel and Dantony"8 experimented with sulfur and iron 
pyrites as fertilizers and they found that when the soil was freed 
of organic matter and nitrogen was applied as nitrate, neither 
sulfur nor iron pyrites increased the yield of ~wheat or kidney 
beans but when the nitrogen was added as dried blood both sulfur 
and iron pyrites gave 30-60% increases. This experiment is 
suggestive in showing that the sulfofying bacteria need organic 
nitrogenous material for food. 
Experiments by Liechti29 show that to increase the amounts 
of sulfur in the soil or in the fertilizer applied t ends to increase 
the crops secured. 
Kossovitch30 has emphazicd recently the fact that sulfur passes 
through a cycle in nature from organic to inorganic form, under-
going oxidation and reduction principally through the activities 
of microorganisms. 
Brioux and Gucrbetat after considerable study decided that the 
mechanism of sulfur fertilization was very complex and that 
much work would be necessary to determine its practical value. 
rrhey found, however, that in soils rich in humus and which 
also contained calcium carbonate, sulfur appeared to be capable 
of acting as a fertilizer. In a later work they studied the influ-
ence of the character of the soil and of carbohydrates on the 
oxidation of sulfur. Sugar and starch appreciably retarded 
oxidation while peptone and other nitrogenous substances favored 
it so that 82% was oxidized in thirty days. They concluded that 
the oxidation was due to complicated bacterial processes probably 
involving a number of different kinds of bacteria. They found 
also that the addition of calcium carbonate accelerated the 
oxidation but sterilization entirely prevented it. This would 
indicate that the oxidation of free sulfur occurs entirely by bac-
terial means and not by chemical. rrhe results reported in this 
work check these results, as will be pointed out later. 
It is apparent from these reported results that many crops 
may be benefited by the application of sulfur to the soil, or, in 
other words, that soils may be deficient in sulfur at least in a 
form available for plant nourishment. From the very few ex-
periments which have considered at all the bacterial phases of the 
problem of sulfur fertilization the conclusion has been drawn 
that the process of sulfofication is brought about entirely by 
27Naturwissenschafter, 1" : 111 (1913) ; Expt. Sta. Rec., 288 : 726. 
28Engrais, 28: 1304 ; Chern. Abst., 83 : 545. 
2"Mitt. L ebensen Hyg., 4: ~67; Chern. Abst., 8 4 : 774. 
"ORuss. J. Expt. Landw .. 14 : 181; Chern. Abst., 85 : 978. 
31Ann . Sci. Agr., 30: 389; Chern. Abt., 88 : 1481; Compt. Rend., 156" 0 : 1476; Expt. 
Sta. Rec., 30" : 232. 
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bacterial agency. The data presented in support of this conten-
tion is regarded as rather insufficient, however, to prove the 
point and certain results obtained in this work which will be 
discussed later, tend to show that a minor part of the process of 
sulfofication may be brought about by chemical means. 
:B-'inally, it may be pointed out that no previous work has dealt 
in any way with the sulfofying power of soils. While it was 
known that bacteria were active in the process of sulfur oxidation, 
no attempt has been made previously to determine the ability of 
different soils to produce sulfates and it is believed, therefore, 
that this work may be the forerunner of much important informa-
tion, both from the scientific and practical standpoints, as the 
transformation of sulfur compounds in the soil and the sulfur 
fertilization of crops are undoubtedly of great importance in 
soil fertility and permanent agriculture. 
THE METHODS FOR THE DETERMINATION OF 
SULFATES IN SOILS 
In undertaking the study of the production of sulfates in the 
soil the first problem which arose was the selection of a suitable, 
accurate method which could be employed for the determination 
of the sulfates. 'rhe improved method for the determination of 
total sulfur in the soil has been described by Hart and Peterson 
and by Shedd in the reports already referred to, but no work 
has been done on the sulfate determination. Wiley gives the 
directions for the determination without comemnt as to any dif-
ficulties to be met with. As he describes it the method merely 
calls for treatment of the soil with cold dilute hydrochloric acid, 
filtration and precipitation with barium chloride and wei.ghing 
the sulfate formed. In the work of various investigators reported 
above the method of extraction of the sulfates is usually not men-
tioned and when the point is considered worthy of notice, the 
vague, indefinite statement is made that the soil is treated with 
dilute hydrochloric acid. Is it important that a certain strength 
of acid should be employed? In other words, does it make any 
difference in the amount of sulfates obtained from a soil whether 
a 0.01 % or a 10% acid, for instance, is used for the extraction? 
What should be the length of time of contact with the acid 'I 
'l'hese are questions which immediately arise and the first few 
series of experiments reported here therefore deal with the 
method of extraction of sulfates as such from the soil. 
Sm'ies I 
In this senes one hundred gram quantities of soil were 
shaken for two hours with 200 c.c. of 0.5 %, 1.0%, 2.0% and 
5.0% hydrochloric acid and the sulfates precipitated and weighed 
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as usual. The results are given in table 1. The amounts of sul-
fates secured were very small in every case, the 2.0 % HCl show-
ing the smallest extraction and the 0.5 % HCl the greatest. 'rhe 
total sulfur content of the soil was determined and found to 
be 21.55 mgs. sulfur per 100 grams of soil so that the largest 
Lab. I N°· 1 Material Used 
. TABLE I 
Iweight of sUlfurl as sulfates 
mgs. 
1 I 200 c.c. 0.5 % Hel······· · · · ·· · ·· · ·········· 1 1.18 I 2 200 c.c. 0.5 % Hel. .. ... . ... ........ . ....... 0.77 
3 200 c.c. 1.0 % Hel. . ...... .. ...... . ......... 0.79 
4 200 c.c. 1.0 % HCI..... .. .. . . .. .. . ........ . . 0.52 
5 200 c.c. 2.0 % HCI . . .. . .................. . . . I 0.16 
6 200 c.c. 2.0 % Hel. . .. . .................... . 0.35 
7 200 c.c. 5.0 % Hel..... . .. . ................. 0.54 
8 200 c.c. 5.0 % Hel. . .... . .......... . ........ 0.90 
21 
22 
TOTAL SULFUR IN SOIL 
(Peroxide Fusion Method) 
:::::::::::::::::::::: :::::::::: :::::::::::1 20.87 22.24 
Average 
mgs. Sulfur 
0.97 
0.65 
0.25 
0.72 
21.55 
amount of sulfur extracted from this soil was less than 1/ 20 of 
the total sulfur content. 'rhis proportion of sulfates to total 
sulfur seemed much too small fot' an ordinary soil and indicated 
there might be some disturbing factor involved. Van Bemmelen3 2 
observed that when the extraction was made with hydrochloric 
acid much humus substance and iron oxide were dissolved and 
these interfered with the determination causing the results to be 
low. J;"'urthermore he observed that it was impossible to remove 
these materials without obtaining high results because of the 
oxida'tion to sulfate of the sulfur in the dissolved organic matter 
and hence he concluded that the amount of sulfates in soils as 
such was not determinable by the method. 'rhe results here in-
(licated that the iron oxide and organic matter dissolved did 
reduce the amount of sulfates secured with increasing strengths 
of hydrochloric acid up to 2.0 % but with 5.0 % acid the results 
were too high indicating that there was some solution of silica 
by acid of that strength and this silica would of course appear 
in the precipitation of the sulfates. 
Series II 
One hundred gram quantities of the same soil used in series 
each received additions of 2 c.c. of a 5% magnesium sulfate 
solution and were then shaken for two hours with the same 
strengths of acid used in the first series. 'Llhe amounts of sulfates 
extracted appear in table L r, which shows also how much of the 
""Landw. Verso Stat. , 37: 284. 
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magnesium sulfate added was unextracted. These figures were 
obtained by subtracting from the total sulfates extracted the 
amounts found in the soil itself which were given in the pre-
vious series. Again the greatest extraction occurred with the 
0.5 % acid, the 1.0% and 2.0% acids removing smaller, practically 
identical amounts. When the 5.0% acid was employed the re-
TABLE II 
,,; ail '0 " 
'" ui " 
+' 
",a ui 
,0." 
." +' d ~~""g ."" o .... 
,,; ~~ "",~ d d'" ,,;'" ,," 
" '" "':= 
. ." " • +' '" Z Material Used u2~ ;:;1 ffj,,+, ffj" ffj<O ." a£ +'d ul.b§~ 
..ci .... • <0 .... ,,;'" "';'3 ,: ,:" "'d ~ d 
"''"'' "'''' 
OOX",""C 
..:l ii:'" ..: ..:'~ ;:;1+'''' ;:;1d ;:;1 " .... d 
I I 9 200 C.c. 0.5 % Hel. ....... 24.19 
10 200 C.c. 0.5 % Hel. ... . ... 26.04 25.11 0.97 24 .14 26.63 2 .49 
11 200 C.c. 1.0 % Hel ........ 21.61 
12 200 C.c. 1.0 % Hel ........ 21. 24 21. 42 0.65 20.77 26.63 5.86 
13 200 C.c. 2.0 % Hel. ....... 20.76 
14 200 C.c. 2.0 % Hel .. . ... . . 21. 74 21.25 0.25 21.00 26.63 5.63 
15 200 C.c. 5.0 % Hel . ....... 29.82 
16 200 C.c. 5.0 % Hel. ....... 29.99 29.90 0.72 29.18 26.63 (excess) 
suits were too high, evidently some silica being taken out by that 
strength acid and the amount of precipitate increased by just 
that amouut. Magnesium sulfate is readily soluble and should 
have been completely extracted by dilute hydrochloride acid but 
the iron oxide and organic matter evidently interfere in the way 
which has been snggested. 
S e1'ies III 
Further tests were carried out in this series using 1.0%, 5.0%, 
and 10.0% HCl and also using water; one hundred gram quan-
Lab. I No. Material Used 
TABLE III 
1 200 c.c. water . ............... .. ... . ... • . . .. 
2 200 c.c. water ...... ...... ... .. .. .... .. . ... . 
3 200 C.c. 1.0 % Hel. ... • . .. .. ... .. .•.. . ... . 
4 200 C.c. 1.0 % HeI ....................... . 
5 200 C.c. 5.0 % HeI ......... • ......•....... 
6 I 200 C.c. 5.0 % HeI ...... . .........•.... • .. 
7 200 C.c. 10.0 % HeI ....................... . 
8 I 200 C.c. 10.0 % Hel. . . .. ....... ..... .. . ... . 
Iweight of sUlfurl as sulfates 
mgs. 
4.00 
4.12 
1.10 
1. 76 
2.04 
1. 44 
1.10 
1.40 
Average 
mgs. Sulfur 
4.06 
1. 43 
1. 74 
1. 25 
tities of soil being shaken for two hours with these materials as 
previously. Table II [ shows the r esults secured. Much larger 
amounts of sulfates were secured here than in series I but the 
water r emoved about three times as much as the hydrochloric 
acid, and the duplicate determinations with the acid did not 
agree very well. 
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Again it would seem that there was some action brought about 
by the HCl which prevented complete extraction. 
Series IV 
The same soil and the same treatment were used here as in 
series III except that 2 C.c. of a 5% solution of magnesium sulfate 
was added to each 100 gms. of soil prior to shaking. rfhe total 
sulfates extracted and the amount of magnesium sulfate unex-
tracted by the treatments are given in table IV. rfhe entire 
amount of lV[gSO. "vas dissolved out by shaking with water for 
TABLE IV 
'" 
511 ." ~ 
'" '" "'"' ui ui .0." :g~ ",5 ~.:::~ g~~ 
0 "'" '" ~~ "" . ~ '" . ." '" ..... ui t "'l1 Z Material U sed rn", ,", rn" rn" 5 S~ 
"'"''' 
.ci .... ." .... .'" w ~§""O -.Jp :> :> ~ "' ''- g),~ 
" I 
M;..;;:! tlJK~'1:I 
H ~'" ...: ...:'~ :;;"'"'''' I :;; :;; "' .... " 
9 200 c.c. water ... . ........ 30 . 70 I I 
10 200 c.c. water . .... .... .. . 30.34 30.52 4.06 26.46 26.63 . . . . . . . . 
11 200 C.c. 1.0 % Hel ..... . .. 23.94 
12 200 C.c. 1.0 % Hel ..... . .. 26.38 25.16 1.43 23 . 73 26.63 2.90 
13 200 C.c. 5.0 % Hel .. .. .. . . 30.92 
14 200 C.c. 5.0 % Hel . .. ... . . 31.46 31.19 1. 74 29 . 45 26.63 (excess) 
15 . 200 C.c. 10.0 % Hel. ...... 36.52 
16 200 C.c. 10.0 % Hel. ...... 45.38 40.95 1.25 39 . 70 26.63 (excess) 
two hours while the 1.0% I-ICI did not remove all the sulfates 
added. With the 5.0% and 10.0 % acid the results again were 
much too high, those with the 10.0% being even higher than those 
with the 5.0% . Evidently the silica dissolved out by the HCl 
increased the sulfate precipitate considerably in the case of the 
stronger acid. The interference of the iron oxide and the organic 
matter when the 1.0% HCl was used is again clearly shown. 
Series V and VI 
In order to check the two preceding series, they were repeated 
according to the same plan except that 2.0 % HCl was employed 
instead of the 1.0%. rfhe results are given in tables V and Vl. 
Lab. I No. 
1 
2 
3 
4 
5 
6 
7 
8 
TABLE v 
Material Used 
200 c.c. 'vater ..... . .. . .................... . 
200 c.c. wate r . . . ... . .. . ... ..•.. ....•. . ... . . 
200 C.c. 2.0 % Hel. .. .. . .. ....... .. . .... .. 
200 C.c. 2.0 % Hel ............ . .... . . . ... . 
200 C. c. 5.0% Hel ........ . ........ .. • . . . . 
200 C.c. 5.0 % Hel. ..................... .. 
200 C.c. 10.0 % Hel. .. .......... .. ...... . . . 
200 c.c. 10.0 % Hel. ...................... . 
·Not :nclude d in tl~e average. 
W eIght of Sulfur 
as sulfates 
mgs. 
4.22 
3.95 
1. 74 
0 . 91 
1. 31 
0.79 
4.39 
8.64* 
Average 
mgs. Sulfur 
4.08 
1.32 
1.05 
4.39 
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Comparing table V with table HI it is found that the amounts 
of sulfates extracted by water were practically identical. Again 
there was only about 1/ 3 as much extracted by the 2.0% and 
5.0 % lICI as by the water. 'rhe results with the 10.0% HCI, how-
ever, were much high er in this case but the duplicates were not 
satisfactory and it would appear that a larger amount of silica 
was extracted here, making th e determination much too high. 
Tn table VI it will be seen that just as was the case in series] V 
there was complete extraction by the water of the MgSO. added 
while the 2.0 % HCI gave incomplete extr action, the amount ob-
tained being less than that taken out by 'the 1.0% H CI in series 
IV. Again with the 5.0% and 10.0% n CI the amounts secured 
TABLE VI 
'" 
Eo, .,., .::! 
'" " ui ui x8:g 'tJ +> '" ",E "Cl" o ..... 
" ..... '" ~~ ~"O-0 "'''' '" '"'" " ~ " .-e" . +> '" Z Material Usd rJi~ .. t;£J:::: Ul,,+> ~~ Ul" "Cl E E :;: +>" oot§~ 
.D ..... ." ..... +i3 ,; ,; ~ "'''' -
'" 
.. ~" .. '" bO t-::..-P 
...:l ~'" <Ii <Ii.- :;;:+>'" :;;:'" :;;:" ..... " 
i I 
9 
1 
200 c.c. water ............ 1 29.14 
10 2CO c.c. watel'........ . ... 31. 44 30.29 4.08 26.21 26.63 
11 
I 
200 c.c. 2.0 % HOI .... . ... I lost 
12 200 c c. 2.0 % Hel. ....... 1 24 . 47 24 . 47 1. 32 23.15 26.63 3 .~8 
13 210 c.c. 5.0 % Hel........ 25 . g4 
14 I 200 c.c. 5.0 % Hel. ....... [,7.82 41.83 1.05 40.78 26.63 (exc,"s ) 
1::; 1 200 c.c. 10.0 e;" HOI....... 31. 08 
16 1 200 c.c. 10.0 % HOI....... 34 . 32 I 32.70 4.39 28.31 26 .63 «XC'S" ) 1 I 
were far too large and showed conclusively the interference of 
silica. 'rhe 5.0% H CI here, however, gave higher results than 
the 10.0% but the duplicate determinations did not agree very 
closely and conclusions should hardly be drawn from them. 
'rhe same soil used in this series was treated with 2.0% acetiL 
acid in the same manner, shaking 100 grams of soil for two 
hours with 200 c.c. of the acid, and the results obtained were 
low, being about the same as those secured with the 0.5% and 
1.0% HCl. 
It seemed from these first series, therefore, that dilute hydro-
chloric acid was unsatisfactory for the extraction of sulfates from 
the soil, the ferric oxide and organic matter dissolved by the 
acid probably interfering, as has been suggested by Van Bem-
melen, in preventing the complete extraction. Furthermore, 
when the concentration of the HCI is increased there is a pre-
cipitation of silica which makes the results too high. Water 
semed to extract all the MgS04 added to the soil and it also 
r emoved much more from the soil itself than the hydrochloric 
acid and further tests were therefore planned to determine the 
efficiency of the extraction of sulfates by shaking with water. 
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S Cj'ies VII 
In the previous series all the shaking was carried on for two 
hours and it was deemed ad ~isable to ascertain whether longer 
periods of shaking with water would lead to the extraction of 
larger amounts of sulfates. One hundrE:d gram quantities of soil 
were ther efore shaken with 200 C.c. of water for varying lengths 
of time as noted in table VII. 'rhe results show that just as much 
sulfate is secured in two hours shaking as in four or six hours. 
1'he low r esult with eight hours shaking is not r egarded as 
significant as no duplicate was secured and the result may have 
been accidental. I t would seem from th ese r esults, therefore, 
that two hours shaking will extnct as much sulfate from the 
soil as six hours and th e conclusion might ther efore be considered 
Lab. I 
No. 
I 
1 I 2 hours 
2 2 hours 
3 14 hours 
4 4 hours 
[, 6 hours 
6 I 6 hours 
7 18 hours 
8 8 hours 
TA BLE VII 
Hours Shaken Mgs. Sulfur as I Average Mgs. Sulfate in Soil Sulfur as Sulfate 
3 .42 
3. 51 3 . 46 
3 . 54 
3 . 62 3.58 
3.04 
3 . 64 3.34 
2.85 
lost 2. 85 
justifiable that entire extraction of sulfates may be accomplished 
by this method. For th e work in hand, however, it was necessary 
to determine whether complet e extraction of larger amounts of 
sulfates would be accomplished by water in two hours' times. 
1'he fact that many soils might contain more than three or four 
milligrams of sulfur as sulfate per hundred grams of soil was 
clearly recognized and for determinations of sulfofying power it 
was felt that accumulations of sulfates would probably have to 
be encouraged in order to secure definite data, that is, to eliminate 
the personal equation and to place the results beyond the limit of 
errol' by allowing the sulfates to accumulate to a much greater 
extent than is usually the case in soils, and thus accentuate the 
differ ences between different soils. "B'urthermore, MgS04 which 
was used in the previous series was r eadily soluble, much more 
so than sulfates more apt to be present in the soil such as calcium 
sulfate for instance. Consequently tests were carried out usillg 
CaS04 to determine the extractive ability of water when shaken 
with it for varying lengths of time. 
S ej'i es VIII 
Tn this series one hundred gram quantities of soil r eceived ad-
ditions of varying amounts of calcium sulfate (gypsum, dehy-
drated ) and were then shaken for two hours with 200 c.c. of 
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water. 'rhe results appear in table VIII. The same soil that was 
used in series VII was employed here and hence the amounts of 
sulfates obtained from the soil itself in two hours' shaking with 
water was subtracted in every case from the total sulfate content 
TABLE VIII 
E Sal Jj 00 $ 
" 
0 ,000 . .. 00 .... 
" '" 
'" ~ X"'oo m .... 00" 0." ...... 
" 
" .... " .... " .a;3 ,,-:;s s::: Q)o 0 
." ." .-0" "' .... '" ..... ..... '" Z Addition m ... m-:;s m" ... ~ESil m3 m '" 00 
" .... " "s" 
.ci ..... u;~:-: ."' .... 
'"'" "'- "'''- >>< 8~ ~~ e:g 
" 
"'::I "'::10 ~;..;::1 "'''' H ~'" ~"'''' ~ ... '" <" .... ~" ~" .... " 
CaSO, ..... . .... I 
I 
9 0.25 g m. 54.14 3.46 50.68 
10 0.25 g m. CaSO, ..... . .... 53.96 3.46 50.50 50.59 58.82 8 . 23 
11 0.20 g m. CuSO, ... . .. . ... {5.06 3.46 41. 60 
12 0.20 g m. CaSO, . .. . ...... 45.94 3.46 42.48 42.04 47.04 5.00 
13 0.15 g m. CaSO., .......... 35.96 3 . 46 32.50 
14 0.15 gm. CaSO, ........ . . 36.54 3 . 46 33 . 08 32 .79 35.29 2.50 
15 
I 
0.10 g m. CaSO, .......... 26.22 3.46 22.76 I 
16 0.10 g m. CaSO, .... . ..•.. 25.86 3.46 22.40 22.58 23.53 I 0.95 
17 0.05 gm. CaSO, . . .. . ..... lost . ....... ........ I I 18 005 g m. CaSO . .....•.... 14.52 3.46 11.06 11.06 11.76 0.70 
19 
\ 
0.025 g m. CaSO •......... 8.62 3.46 5.16 
I I 
I 
20 0.025 bm. CaSO •..... .... 8.88 3.46 5.42 5.29 5.88 I O.W 
I 
200 c.c. water shaken two hours with the following: 
n I ~:~~ i~: g!~g; :::::::::: 1 gUg / .. ...... / 54.06 / ........ /58.82 4.76 
of the soils and the difference gave the amount of sulfate ex-
tracted from the CaS04 added. 
As the amounts of CaS04 added to the soil were decreased the 
proportion extracted by the water increased. Indeed, with the 
two smallest amounts practically complete extraction occurred. 
With the larger amount of CaSO. therefore it is evident that two 
hours ' shaking with water is insufficient to bring about com-
plete extraction. In order to settle this point and to eliminate the 
interference of the soil 0.25 gm. of CaS04 was shaken for two 
hours with 200 C.c. of water and only about 91 % of the sulfate 
was dissolved. Evidently longer shaking must be practiced if 
complete extraction of the sulfate is to be secured. 
SM'ies IX 
Carrying out this idea, one hundred gram quantities of soil 
recei ved additions of CaSO" and were then shaken for varying 
lengths of time with 200 c.c. quantities of water. 'rhe results 
are given in table IX. 'rhe amount of sulfate in the soil itself 
was determined and that was subtracted from the total amount 
obtained to give the quantity of CaSO. dissolved . There was 
incomplete solution of the larger quantities of CaS04 even when 
eight hours' shaking was practiced but the amount extracted in-
creased with the longer periods of shaking. With the smaller 
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amounts of sulfate the extraction was not complete but the 
amounts undissolved were very small ar.d the differences were 
practically within the limit of error for the weights dealt with in 
o 
Z 
.0 
'" H 
I 
1 I 
~ I 
4 I 
5 I 
~ I 
8 I 
9 I 
10 I 
11 1 
12 I 
13 I 14 
15 I 16 
I 
Addition 
I 
0.25 g m. CaSO, ... . 
0.25 gm. Ca:50., . .. . 
0.25 gm. CaSO., . . . . 
0.25 gm. CaSO, . .. . 
0.25 gm. CaSO, . . . . 
0.25 gm. CaSO, ... . 
0.25 gm. CaSO, ... . 
0.25 gm. CaSO, .... 1 
0.05 gm. CaSO, .... 1 
O. OG gm. CaSO, ... . 
0.05 Rm . CaSO: .. . . 
0.05 gm. CaSO, ... . 
0.05 g m. CaSO., ... . 
o 05 gm. CaSO, ... . 
0.05 !, m. CaSO, ... . 
0.05 8"'. CaSO., ... . 
2 
2 
4 
4 
6 
6 
8 
8 
2 
2 
4 
4 
6 
6 
8 
8 
TABLE IX 
I 
I lA . 21 53.82 
56.32 I 57.48 59.14 I 59 .06 61.04 
\ 59.G4 lost 
14.24 
14.54 
14.28 
14 .66 
14.52 
14 . 02 
14 . 24 
I I 
I 3 . ~'I I GO . 87 3.37 50.45 3.37 52.95 
3.~7 54.11 
I 3.37 1 55 "17 3.37 55.69 
3.37 57.67 
.. 3: ~7 . . 1.56 : 17 . . 
3. ~7 10.87 
3.37 11.17 
3.37 10.91 
3.37 11.29 
3.37 11.15 
3.37 10.65 
3 . 37 10.87 
50.66 
53.53 
55.73 
56.92 
10.87 
11. 04 
11.22 
10.76 
58.82 
58 . 82 
58.82 
58.82 
11. 76 
11.76 
11. 76 
11. 76 
j 8.16 
I 
I 
I 
5.29 
3.09 
1.90 
0 . 89 
0.72 
0.54 
1.00 
the determination were very small and slight variations were 
llna void able. 
In order to determine the solubility of the calcium sulfate when 
shaken alone, in the absence of soil, with water for longer periods 
of time the following series was planned. 
Se1'ies X 
A very small and a rather large amount of calcium sulfate 
were employed here, shaking them with 200 C.c. of water for two, 
TABLE X 
~ I '" <!J " '" +' -" 
'" 
u:i", ;g~ g~:§ 
'" '" ~~ "' "'''' " ~ 0 Add ition '" ." ..... . +' '" Z 
'" 
"'~ S~ "'-;i ~ E e11 
.ci ... oo:=: '" .'" ~ 
'" 
r.n ~ o'"d 
'" 
0 "'~ ~~ M'" bIJ><$-.'"C.\ H D:: ;.:'" ;.:'" ~ ClJ'+-'. ~ 
1 I 0.25 CaSO, ..........•....... 2 
I 
, m. 54.20 
1 2 0.25 ~ m. CaSO, .....• . ....... . .. . 2 52.92 53.56 58.82 5.26 3 
I 
0.25 f m. CaSO, .......... . .•..... 4 54.40 
4 0.25 pm. CaSO, ..... ........ ..... 4 56.34 55 . 37 58.82 3.45 
5 0.25 ~m. CaSO, . .. . ........... . .. 6 55 . 14 
6 I 0.2 & g m. CaSO, ......... . .. .. ... . 6 56.30 55.72 58 . 82 3.10 
7 I 0.25 ~m . CaSO, .. . ............... 8 57.18 
8 I 0.25 rm. CaSO, ..... ... ......... . 8 G7.52 57 .35 58.82 1.47 
9 I 0.05 gm. CaSO, ....... . . ........ 2 11.78 
10 I 0.05 g m. CaSO , ... .. ............. 2 11.44 11.61 11. 76 0 . 15 
11 I 0.05 ,m. CaSO, ... . .. . ........... 4 11.72 
12 I 0.05 ~ m. CaSO, .... • ....•.... . ... 4 11.38 11.55 11.76 0.21 
H I 0.05 g m. CaSO, . ....... . ......... (; 11.38 
14 I 0.05 gm. CaSO, .... .. •.......... :! G 11 . 26 11 . 32 11.76 0.44 
15 
1 
0.05 gm. CaSO, .................. 8 11. 74 
16 0.0 5 12 1n. CaSO, .... • ............. 8 11.28 11.51 11.76 0.25 
I 
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four, six, and eight hours. Examining the results in table X, i1 
appears that with the larger amount of calcium sulfate solution 
was incomplete even in eight hours' shaking. Where the smallet 
quantity was employed practically the entire amount was dis-
solved in two hours. Comparing these results with those in the 
previous series it is apparent that the solution of the calciunt 
sulfate is retarded by mixing it with soil, the retardation being 
more pronounced with the larger quantity of sulfate added and 
with the shorter periods of shaking. 
In the last three series the CaSO. employed was 99.5% pure 
dehydrated gypsum and this has been found to be very much 
more difficult of solution than the hydrated CaS04 • 'fhe tests 
were therefore continued, using chemically pure calcium sulfate 
containing two molecules of water. Moreover, this compound is 
not only more readily solu ble but it is believed to be more nearly 
like the compounds in the soil than the dehydrated sulfate. 
Sm'ies XI 
In this series varying quantities of the hydrated calcium sul-
fate were shaken with water for varying lengths of time to deter-
mine the rate of solution. . The results appear in table XI. 
Complete solution of this sulfate was accomplished in two hours 
cven with the large amount so that the previous conclusion re-
garding the solubility of the dehydrated calcium sulfate is borne 
out by these results. It is evident, therefore, that this calcium 
sulfate alone may be dissolved by shaking with water for two 
hours but the retardation of solution in the presence of soil 
makes a few further tests necessary. 
TABLE XI 
I 
" " 
$ 
" " 
.-
"" 
.. rJ1~ "''' " 
" " 
"'..., g"O~
0 ..c ~::§ ".l'l "" .. u)~ ...., .. Z Addition 00"3 : ~ S~ .. 
" 
S~ .. 
" 
..... 
..ci 
" 
.. - ~~ .. Ul +> 0'"0 " 0 "''' "''' btl><~"O H ~ ~ .. ~.- ~" .... " 
1 
I 
0.2 5 gm. CaSa., ........ . ... . ..... 2 46.24 
I 2 0.25 gm. CaSa., .................. 2 46.88 46 . 56 46 . 50 · 3 0.25 g m. CaSa, ..... . ..•..... . .. . 4 47.06 
4 
I 
025 g m. CaSa, ........•......... 4 47.10 47.08 46.50 • 
5 0.25 b m. CaSa., ...... • .... ..• .... 6 46.76 
6 0.25 gm. CaSa., ........ • ......... 6 46.68 46.72 46.50 • 
7 0.25 gm. CaSa, ......• . .... . ... .. 8 46.76 
8 
1 
0.25 gm. CaSa, ...... •... . .. ..... 8 46.66 46.71 46.50 • 
9 0.25 " m. CaSa, .... • .... • ...... • . 10 46.26 
10 I 0.25 gm. CaSa., ................ .. 10 47.04 46.65 46.50 • 
11 I 0.25 gm. CaSa., . ...•........ . . . .. 12 47.00 
12 
I 
0.25 gm. CaSa, ......... ..• ... . .. 12 46.74 46.87 46.50 
· 13 0.05 gm. CaSa, ....... • ......•.. . 2 9.38 
14 005 g m. CaSa, ....... • .......... 2 9.30 9.34 9 .30 • 
15 0.05 gm. CaSa, .......•......•... 1 8 9.10 
I 16 1 0.05 gm. GaSa, .................. 8 9.16 9.13 9.30 1 • I I 
-Extraction ccmplete. 
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Series XII 
To ascertain whether the fineness of division of the soil would 
allow of greater solution of sulfates in a shorter period of time, 
100 gram samples of ground and unground soil, to some of which 
yarying amounts of calcium sulfate were added, were shaken for 
two hours with 200 C.c. of water. Examining the results in table 
XU it is seen there is slightly greater extraction of sulfates exist-
TABLE XII 
e " $ 
'" ~ 
'" 
ui", ' 0 
""" " 
>< ~ o .... ., 
~~ "' .... 'O~ ~"O_Condition .,~ "''' u:i~ '"0 '" .... '" rn$~~ r,rj'; rn ~ ~ of Soil Additicn u5~ S~ '" ~e~~ .,; ~~ ~:g 
"'" ~~ CIl'" ~  ~+>IJj~ ~., ~ OJ ..... ~ 
1 
1 Unground ..... . Nothing .... 1 3.35 
2 Unground ...... Nothing ......... 1 3.28 
3 Unground ...... 0.2[; gm. Ca"' Oj. " 1 ~, !) .oo 
4 Unground . . .... 0.2G gm. CaSO,. .. 49.58 
5 Unground ... ... O.OG gm. CaSO, .. ' 1 12.12 
6 Ungl·ounrl ...... 0.05 .gm. CaSo..... 12. O~ 
7 Ground .. ... ... NothIng ......... 3.70 
8 Ground .. . ..... Nothing ... .. ... . 3.68 
9 Ground ... . .... ,0.25 gm. CaSO , .. ' 1 48.72 
10 Ground ....... ' 10 25 grn. CaSO,... 48.32 
11 Ground ........ 0.05 pm. CaSO.. ... 11. 90 
12 Ground ....... 0.05 gm. CaSO, ... 12.82 
I 1 
1 
1 
. . . . . . . I . . . . . . . -
47.28 43.98 46.50 I 2.52 
8.77 9.30 I 0.53 
4:::: .~~:~~ .. '~~ :~~" I ' 1.67 
12.36 I 8.67 I 9.30 I 0.fi3 
12.08 
3.31 
ing as such from the ground than from the unground soil. Like-
wise in the case of the larger amount of calcium sulfate added the 
extraction was greater in the ground soil but was not complete 
there. With the smaller addition of the sulfate almost all of 
it was dissolved out in the extraction. 
Evidently the grinding of the soil favors somewhat the solution 
of the sulfates present and of those added. '1'he texture of the 
soil, therefore, would have an important influence on the amount 
of sulfates extracted from the soil by shaking with water. It is 
clearly shown in this series, however, that two hours' shaking 
with water is insufficient to bring all the sulfates added into 
solution even although the soil is ground. Shaking for longer 
periods must therefore be tested both with ground and unground 
soil. 
Series XIII and XIV 
In these two series one hundred gram quantities of unground 
(XIH ), and ground (XIV ) soils which received addition of cal-
cium sulfate were shaken for varying lengths of time with 200 
C.c. of water and the amounts of sulfates extracted were de-
termined in the usual way. Considering the results in table 
XIII and table XIV it is found again that a somewhat larger 
amount of sulfate is extracted from the ground soil than from 
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the un ground sample. Unfortunately the omission of lime in 
series XIII prevented the' obtaining of a perfectly clear solution 
and the results are slightly high as a result. It is apparent, 
however, that with both the larger and smaller amounts of cal-
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cium sulfate and with the soil ground or un ground the solution 
of the calcium sulfate is complete after six to eight hours' 
shaking with water. 
'rhe results of these preliminary tests reveal the facts, there-
fore, that the sulfates in soils may be extracted by shaking for 
6-8 hours with water; that hydrochloric acid cannot be used as 
a means of extracting sulfates from soils because of the inter-
ference of iron oxide and organic substances in the more dilute 
acids and of the silica in concentrations of 5% and over; and 
that grinding the soil is unnecessary in order to extract the 
sulfates in 6-8 hours although the finer the soil texture the more 
readily are the sulfates dissolved. 
Calcium sulfate is the most difficult of solution of any sulfates 
which might occur in the soil and hence the solution of this 
material may be regarded as indicating that sulfates in the soil 
will be dissolved quite as readily, if not more so, upon shaking 
with water for the time specified. 
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Se1'ies XV 
Before turning attention to the determination of the sulfofying 
power of soils there is one further point in connection with the 
methods which should be mentioned. Up to this point all the 
sulfates were determined by the gravimetric method which is very 
tedious and it was felt that a more expeditious method must be 
employed if a large number of determinations were to be made 
such as would be involved in studies of the sulfofying po.wer of 
o 
Z Addition 
TABLE xv 
1 I 0.25 !';m. CaSO, ....................... ..... ...... .. 
~ I ~:~g ~~: g:~g::::::::: : ::::: : ::::::::::::::::::::: 
~ I ~:~~ ~~: g:~g~::::::::::::::: : :::::::::::::::::::: 
6 I 0.25 gm. CaSO, .... . . .......... ...... •..... ... ...•. 
6 
6 
6 
6 
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50.96 
50 . 86 
50.58 
50.02 
50.1;4 
52.26 
50.86 
50.58 
50.58 
50.58 
52.28 
52.84 
any number of soils. The photometric method was tried and 
the results are given in table Xv. One hundred gram quan-
tities of soil with additions of calcium sulfate were shaken as 
usual with 200 C.c. of water for varying lengths of time and 
the sulfates extracted were determined by both the gravimetric 
and photometric methods. '\.'he agreement was very satisfactory 
and the sulfate determinations subsequent to these have all 
been made by the use of the photometer with a great saving 
of time and labor and remarkably satisfactory and accurate re-
sults. The photometer is well adapted to the determination of 
sulfates in soils and its use for that purpose, which has never 
been suggested before, should be strongly advised. 
METHODS FOR DETERMINING THE SULFOFYING 
POWER OF SOILS 
I-laving now ascertained that sulfates might be extracted from 
soils by shaking with ,vater for seven hours and determined by 
the use of the sulfur photometer without any difficulty, attention 
was turned toward the development of methods for the deter-
mination of the sulfofying power of soils. 
Profiting by the experiences undergone in developing methods 
for ammonification, nitrification, and nitrogen fixation, it was 
decided to work with fresh soil and to attempt by its use to 
imitate field conditions as closely as possible and to insure 
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thereby the applicability of the results secured to field soils. 
The solution method of testing bacterial activities has proved 
so uniformly unsatisfactory in the processes where nitrogen 
transformations were involved that it was not considered worth 
while to experiment with it in this case and all the results have 
been secured with soil or sand. 'fhe next problem was the in-
troduction of some substance to permit of sufficient accumula-
tions of sulfates to be determinable. As is well known, sulfates 
do not accumulate in soils any more than nitrates and this is 
due to losses by leaching and to their assimilation by plants. 
Hence the amount present at any time means nothing from the 
standpoint of supply to the crop. It is necessary here, therefore, 
just as it is in ammonification and nitrification, to add some 
substance which will be acted upon by the bacteria whose activ-
ities are being studied and the final product determined to show 
the extent of the action. The results obtained in this way show 
the power inherent in the soil to produce certain changes and 
do not show the amount of any substance produced in the soil 
at anyone time. Thus methods are to be devised here which 
will show the power of the soils to produce sulfates, or their 
sulfofying power, but these methods will not show how much 
sulfate is being produced in the soil at the time of sampliqg. 
Tn other words they alone will not show the proper or improper \ 
sulfur feeding of crops, but merely indicate whether in the pres-
ence of abttndance of sulfu1', other conditions being satisfactory, 
this element may be tmnsformed into sulfates fast enough to 
keep the plant supplied with the necessary amottnt. 
The total amount of sulfur present in soils must be ascer-
tained just as the total nitrogen and phosphorus must be deter-
mined in order to obtain any idea of the supply present which 
may be made available to plants. 
The present methods, therefore, do not pretend to go into the 
question of the presence of sufficient sulfur in the soil for crop 
production but they do give a means of measuring the activities 
of the sulfofying bacteria or, in other words, of ascertaining the 
power inherent in the soil to prepare sulfates for plants mainly 
through the mechanism of the sulfofying bacteria. It will be 
noted later that there is evidence that the change of sulfides in 
the soil into sulfates is not brought about entirely by bacterial 
action but that there is a certain chemical action involved which 
varies with different soils. It will be shown, however, that the 
major part of the action is the direct r esult of the growth and 
activities of a certain group of bacteria which may be classed 
together as the sulfofying bacteria. 
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S el'ies XVI 
It was decided that in order to accentuate the production of 
sulfates in the soil it would be necessary to add some sulfur 
compound to the soil and those chosen for the first tests were 
potassium, sodium, calcium, and barium sulfides. Before using 
these materials it was deemed advisable to test their effect on 
ordinary soil organisms so one hundred gram quantities of soil 
(fresh) in duplicate received additions of 100 mgs. of the 
various sulfides, the moisture content of the soils was adjusted 
to the optimum and the tumblers were then covered and kept 
for five days at room temperature. The soils were then shaken 
with sterile water for three minutes, dilutions made and plates 
prepared, using Lipman and B['own's modified synthetic agar. 
Examining the results secured, which are given in table XVI, 
it is found that the potassium sulfide depressed slightly the 
number of organisms developing on the synthetic agar while 
the other sulfides all increased to some extent the number of 
Sample I 
No. Addition 
TABLE XVI 
1 Nothing ............................ . . . 
2 Nothing ................. . .....•....... 
3 100 mgs. K,S .................. .. ..... .. 
4 100 mgs. K,8 . .... . ......•.... • ......•.. 
5 100 mgs. Na,S ........................ .. 
6 100 mgs. Na ·S ........................ .. 
7 100 mgs. CaS ......................... .. 
8 100 mgs. CaS ......................... .. 
9 100 mgs. BaS ...... .. ................. .. 
10 100 mgs. DaS .... .. ................... .. 
Bacteria I Average Bacteria 
per Gram of per Gram gf 
Air-Dry Soil Air-Dry Soil 
1,900,000 
2,020,000 1,960,000 
1,580,000 
1,620,000 1,600,000 
2,360,000 
2,360,000 2,360,000 
3,160,000 
3,120,000 3,140,000 
3,620,000 
3,360,000 3,490,000 
bacteria present, the barium sulfide showing the greatest in-
crease. 
It is evident from these results that the application of sulfides 
to the soil does not depress, at least after five days' incubation, 
the normal number of bacteria to any extent, but except in the 
case of the potassium sulfide brings about an increase, indicating 
that there is some stimulation of bacterial growth in the soil, 
perhaps because of a change of the sulfides to sulfates in the 
soil. It is possible that if the determination of numbers had 
been made sooner following the addition of the sulfides, a de-
pression would have been observed. In fact this would be the 
action naturally expected inasmuch as the results of experi-
ments with carbon disulfide have consistently shown at first a 
depression in numbers of bacteria which is followed by an 
increase. This action of carbon disulfide has been explained 
on the basis of a killing off of some species of organisms and 
when the effects of the carbon disulfide are dissipated, an in-
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crease to a large extent of the more resistant varieties because 
of the removal of many competing bacteria. 
With the addition of these sulfides, the action may be very 
similar, a depression in numbers occurring at first and as the 
sulfides are oxidized to sulfates, the species which have not been 
injured multiplying more extensively than they previously could. 
There is also the possibility that the greater amount of sulfates 
may have encouraged the growth of certain species of bacteria 
which develop on the synthetic agar. 
'rhe results with the potassium sulfide are somewhat different 
from those with the other sulfides and several explanations may 
be suggested to account for the variation. In the first place it 
may be suggested that the potassium sulfide is less rapidly 
changed to sulfates than the other sulfides, bnt subsequent experi-
ments do not always prove this although in some instances it has 
been true. Again, the potassium sulfide decomposes into potas-
sium hydrosulfide (KSH), and this compound may be more toxic 
than the sulfide itself and hence the depression in numbers of 
organisms would continue for a longer period of time. With a 
longer period of incubation, the numbers of organisms present 
in this case might have increased up to or beyond the numbers 
present in the other samples. No further work was done along 
this line as it was somewhat aside from the present problem, the 
main point which was under investigation being the question 
of the effect of sulfides on the normal soil flora. 'rhe results 
showed quite clearly that there was an increase in numbers of 
organisms produced by the addition of sulfides and this increase 
undoubtedly was due to the depression of some species at first 
and as the sulfides were changed to sulfates the increase in 
numbers of organisms occurred. Later experiments confirm this 
idea at least in part for they show that the oxidation of the 
sulfides occurs very readily in soils both by bacterial and by 
chemical means. 
Series XVII 
The same sulfides used in the preceding series were employed 
in this case, 0.1 gm. of each being added in duplicate to 100 
gram quantities of fresh soil in tumblers, the moisture content 
adjusted to 25% except in nos. 7, 8, 9, and 10, which contained 
only 13%, and the tumblers covered and incubated for five days 
at room temperature. At the end oE this time the soils were 
shaken for seven hours with 200 C.c. of water and the sulfates 
extracted were determined by the use of the sulfur photometer. 
'l'he results secured are given in table XVII. It will be noted 
that after subtracting from the total sulfate content, the amount 
present in the soil itself, the figures showed large sulfate pro-
duction from the sulfides added except in the case of the barium 
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Addition 
1 Nothing. . . . . . . . . . . . . ... . . . . . • . . . 3.40 
2 Nothing....... . .. .... . ...... . ... 3.43 3.41 . .. . .... ... .. ... . . .. . .. . 
3 0.1 gm. K.,S.. . .. .. ... . . . .. . .. . ... 15.61 
4 0.1 gm. KoS . ........... ... ....... 15.61 15.61 12.20 29.09 41.90 
5 0.1 gm. Na,S..... . ............... 9.73 
6 0.1 gm. Na,S.. . .................. 10.12 9.92 6.51 13.33 48.83 
7 0.1 gm. CaS ....... . ...... .. ....... 15.39 
8 0.1 gm. CaS ....... • .... • .... . ... 12.88 14.13 0.72 44 . 44 24.12 
9 0.1 gm. BaS........... . .......... 3.18 
3.15 ........ ... . .... ........ 10 1 0.1 gm. BaS ........ .. .. .. .... . . . . 1 3.13 
~----~----~----~------
sulfide and it was not expected to get any satisfactory results 
with this material as barium sulfate is practically insoluble in 
water and hence while the change in the soil may have been 
considerable, it was impossible to extract the sulfate formed. 
The sodium sulfide showed the greatest percentage oxidation 
while the potassium sulfide was only slightly less. 'fhe calcium 
sulfide was changed to a very much smaller extent but this may 
have been due in part at least to the smaller moisture content of 
the samples which as was noted was only 13% against 25% with 
the other sulfides. 
It is evident from these results that the sulfides of potassium, 
sodium and calcium are rapidly transformed into sulfates in the 
soil, at least in the particular soil used in this experiment. 
Series XVIII 
This series was the exact duplicate of series XVII except 
that soil from a different plot was employed and the moisture 
content of all the samples was adjusted to 25%. Fresh soil was 
employed, the period of incubation was five days, and the 
TABLE XVIII 
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1 
1 ....... .]. . ...... 1 ........ 
1 Nothing . .. .. ...... .... ... . .. . ... 4.19 
2 Nothing K;S::::::::: :::::::::: ::: 4 . 23 4.21 3 0.1 gm. 11.37 
4 0.1 gm. KoS .... . .. • . .. ... .. ..... . 11.74 11.55 7.34 29.09 25.23 
5 0.1 gm. Na,S .................... 14.86 
6 0.1 gm. Na, S ..........•.... • .... 17.28 16.07 11.86 13.33 88.97 
7 0.1 gm. CaS .......... . .......... 20.70 
8 0.1 gm. CaS .......... . .... . . . ... 20.99 20.84 16.63 44.44 37.42 
9 0.1 gm. BaS .... • ....•.......... . 7.15 
10 0.1 gm. BaS .. . .. . . . .. . .... . ..... 6.66 6.90 2.69 18.93 14.15 
73 
method of extraction was the same as that employed previously. 
Considering the results given in table XVIII it is found that 
there is not exact agreement with those in the previous series. 
The percentage oxidation was again the greatest in the case of 
the sodium sulfide but the potassium sulfide was oxidized to a 
much smaller extent, smaller even than the calcium sulfide. 
It must be remembered, however, that in the previous series 
where the oxidation of the calcium sulfide was slow the mois-
ture content was not at the optimum as it was in the case of 
the sodium sulfide and the potassium sulfide. It may be there-
fore that when the moisture content is the same the calcium 
sulfide may be more readily transformed in some soils than 
the potassium sulfide. In this series there was a small oxidation 
of the barium sulfide evidenced and the only explanation which 
can be made for the extraction of the sulfate formed in this soil 
is that an interaction occurred between the barium sulfate pro-
duced by the oxidation of the sulfide 01', perhaps, between the 
sulfide itself and some calcium compounds or compounds of 
other bases. It is evident, however, that in the same quantities 
the sodium sulfide was more readily or quickly oxidized than 
the other sulfides although there was actually a greater produc-
tion of sulfates from the calcium sulfide. It might be that if 
the sulfides had been employed in equivalent amounts of sulfur 
one of the other sulfides might have shown the greatest percent-
age change. It was intended to carry out tests along this line 
but as will be noted later other considerations arose which 
fixed the sodium sulfide as the most suitable sulfide so that it 
was unnecessary to go into the problem further from this stand-
point. It was evident also that barium sulfide was entirely un-
satisfactory as a material to be used here and it was regarded 
as unnecessary to devise any method to take out barium sulfate 
from the soil as there is never an occurrence of this compound in 
a normal soil to the extent of making its determination necessary. 
Series XIX 
It was decided to ascertain next whether the production of 
sulfates from a sulfide varied with different soils. To this end 
one hundred gram quantities of fresh soils from plots under 
various treatments were weighed out in tumblers, 0.1 gm. of 
sodium sulfide added to each, the moisture content adjusted to 
25 % and the samples incubated for five days at room tem-
perature. The sulfates were leached and determined as usual. 
The results given in table XIX show quite distinctly that there 
may be conside.rable variation in the sulfate producing or sulfo-
fying power of soils. Thus it will be seen that from 28 % to 62 % 
of the sodium sulfide was oxidized by the different soils. There 
was only a small variation in the amounts of sulfates present as 
7-1 
such in the soils and hence the final differences were due practi-
cally entirely to variations in the sulfofying powers of the soils. 
It will be noted that the check or untreated plot was high in 
sulfate production while the plots receiving peat, manure, and 
clover were much lower, the plot to which peat was applied 
showing the smallest sulfofying power. The plot to which tim-
othy was added was slightly higher than the check. The ex-
planation for the high power in the check soil may be sought in 
TABLE XIX 
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4 102 2.8 T. peat ... . ....... ........ 9.48 9.53 1.16 8 . 37 29.09 28.77 
5 103 8 T. manure, once in 4 years .... 12.44 
6 103 8 T. manure, once in 4 years . .. 12.82 112 . 63 2.06 10.57 29.09 36.33 7 104 8 T. clover, once in 4 years .. .... 13.32 
8 104 8 T. clover. once in 4 years .. .. 13.32 113 . 32 1.66 11.66 29.09 40.08 9 106 2 T . timothy ................. 19.02 
10 ( 106 2 T. timothy .. . .. .. .... .. .. . . 21.83 120.42 2.26 1 18.16 29.09 62.42 11 107 Check 
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20.02 
120 . 30 I 160 . 63 12 107 Check 20.59 2.66 17.64 29 . 09 1 1 1 
the topography, that plot being on higher ground, or it may be 
due to the fact that the treatments actually depressed the sulfo-
fying power of the soil. Further tests of thi.s point are, of 
course, necessitated and it was not intended to draw conclu-
sions on this point from these results. 'fhe fact which these 
results do show conclusively and which must be emphasized is 
that soils vary in sulfofying power or in their ability to produce 
sulfates from sulfides. 
The oxidation of the sulfides was so very rapid in these last 
series discussed that it occurred to us that perhaps the action 
was not entirely bacterial in nature, that there might be some 
chemical action involved. Hence, it was decided to ascertain 
whether by shaking a sulfide with soil for seven hours there was 
any production of sulfates. 
Se1"ies XX 
In order to test the point just mentioned the present series 
was planned. One hundred gram quantities of fresh soil were 
treated with 0.1 gm. amounts of various sulfides and the mois-
ture content brought to 25% but instead of incubating the 
samples, the sulfates were determined in the usual way imme-
diately after the sulfides were added. 'l'he results in table XX 
show that our suspicions were correct and that there was a 
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chemical oxidation of the sulfides in the soil upon shaking with 
water for seven hours. The sodium sulfide was affected less 
than the potassium sulfide and the calcium sulfide which coth 
showed an 18 % oxidation. It is evident, therefore, that the 
percentage oxidation reported in the preceding series was much 
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1 
I 
Nothing . . . . . . . . . . . . . . . . . . . . . . . . . 3.58 
2 Nothing K;S::::::::::::::::::::: : 3.58 3.58 ........ ........ . . . . . . . . 3 0.1 grn. 8.87 
4 0.1 gm. K"S ........ .. •..... .. .. . . 9.25 9.06 5.48 29.09 18.83 
5 0.1 grn. Na"S ..................... 5.28 
6 
I 
0.1 gm. Na' S . .... .. • ......•. . . . .. 5.31 5.29 1.71 13.33 12.82 
7 0.1 gm. CaS ...................... 11.53 
8 0.1 gm. CaS .....•............. . .. 11.89 11.71 8.13 44 . 44 18.29 
too high to be attributed entirely to the power of the soil to 
produce sulfates and the actual chemical oxidation of the sul-
fides occurring when shaken with water should be deducted 
before considering the differences in sulfofying power of the 
soils. An interesting point is thus brought out in this series and 
one which does not agree with the conclusions from some ex-
periments mentioned in the historical summary. The authors in 
those cases concluded that the oxidation of sulfur occurred in 
the soil by bacterial agency only, but these results indicate that 
such is not the case. The production of hydrogen sulfide is 
recognized as a step in the sulfur cycle in nature but this sub-
stance when produced immediately unites with some base to form 
a sulfide and hence sulfides such as these used in this series 
undoubtedly occur in the soil. If there is a purely chemical 
oxidation of these compounds when shaken with water for seven 
hours there is every reason to think that there may be such a 
change in the soil itself. J n other words, it seems quite possible 
from these results that the production of sulfates in the soil is 
not entirely a bacterial process, at least in certain stages. Fur-
ther tests will throw additional light on this point. 
Series XXI 
Having found that there "vas a certain chemical oxidation of 
sulfides in soil when shaken with 200 C.c. of water for seven 
hours, the next question which arose was whether the extent of 
oxidation by this means would vary with different soils. In 
other words, it was worth while to consider from the standpoint 
of the development of a method for sulfofication whether a cer-
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101 Timothy meadow .... ........ ! trace I ...... .. .... [ .. ...... .. .. .. I ... ... 2 101 Timothy meadow ..... . ...... trace 
3 102 2.8 T. peat .... . .... . ........ trace 
4 102 2.8 T. peat trace . ..... .. .... . . .. .. .. ...... ... . . . 
5 103 8 T. manure: 'd~~~ 'i~' 4' y~~~~:: 3.56 
6 103 8 1.'. manure, once in 4 years .. 3.76 3.66 2.81 0.85 13 . 33 6 . 37 
7 104 8 T. clover. once in 4 years .. . 3.99 
8 104 8 rr. clover. once in 4 years . .. 4.06 4.02 2.11 1.91 13.33 14.32 
9 106 2 T. timothy . ... ... .. . ..... . 5.01 
10 106 2 T. timothy .... . ...... .. . .. 5.78 5.39 3.94 1.45 13.33 10.87 
tain sulfide could be considered as undergoing a certain con-
stant oxidation when shaken with water regardless of the soil 
with which it was associated or whether the extent of oxidation 
was different with different soils. This series was, therefore, 
planned to test this point. One hundred gram quantities of 
various fresh soils differently treated were weighed out and 
0.1 gm. of sodium sulfide . added to each. The sulfates were 
immediately extracted by shaking for seven hours as usual. The 
sodium sulfide was chosen as it gave the lowest oxidation upon 
shaking in the previous series. 
The results appearing in table XXI show that the effect of 
the soil with which the sulfide is associated on its oxidation to 
sulfate in the leaching process is very pronounced. Thus in one 
soil which had been in timothy meadow for five years there 
was no oxidation and neither was there any in the soil to which 
peat had been applied at the rate of 2.8 tons per acre. In the 
soil receiving 8 tons of manure per acre every four years there 
was a small change brought about and in the other two soils 
receiving 8 tons of clover every fourth year and 2 tons of tim-
othy, there was a larger change amounting to 14% and 10% of 
the sulfide added respectively. It is quite evident from these 
results that when soils containing sulfides are shaken for a period 
of seven hours with water there is an oxidation of the sulfides 
and in soils which have been differentiated by treatment there 
is considerable variation in the extent of oxidation. In order 
to use sulfides as a measure of the sulfofying power of soils it 
is shown clearly that the amount of sulfates produced by the 
oxidation in the shaking process used in the extraction must be 
subtracted from the total sulfate content of the incubated sam-
ples in order to obtain any idea of the power of the soil itself 
to form sulfates. Of course, it is realized that this is a some-
what questionable procedure inasmuch as after incubation in the 
soil much of the sulfides are undoubtedly changed to sulfates 
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and, hence, when extraction occurs a much smaller oxidation 
in the shaking process must of necessity occur, the amount of 
oxidizable sulfides present being so much smaller. In fact 
where the oxidation in the shaking of the entire 0.1 gm. of 
sulfide added to the soil is as small as is the case with the sodium 
sulfide it is quite probable that the change induced by the shak-
ing after incubation would be practically inappreciable. 
Furthermore, it is certain that even subtracting the amount 
of sulfates produced in the shaking from the total amount at 
the end of the incubation there is evidence of a large sulfofying 
power in the soils. While the figures secured in this way 
would undoubtedly be smaller than they should be the relation 
between various soils would be the same, that is the relative 
sulfofying powers of different soils would remain unchanged 
and should appear quite definitely. 
Series XXII 
In order to investigate further the question of the chemical 
oxdiation of sulfides this series was planned, using sterilized soil 
and sand. One hundred gram quantities of these materials, 
the soil being in an air-dry condition before being sterilized , 
were weighed out in tumblers, additions of sulfides made as 
noted in table XXII, the moisture content adjusted to 2Gj( 
0 1 
; 1 
Medium 
13 1 Soil ..........• 
14 Soil ... . ...... . 
1 I Soil ..•.. .. ... 
~ I ~~U ::::::::::: 
4 I Soil ......... .. 51 Soil ........ . 
6 Soil .. . . . • ..... 
7 Sand ........ . 
g I ~:~~ :::::::::: 
10 I Sand 11 Sand 
12 Sand . ...•.. .. . 
I 
TABLE XXII 
en 
'" 
.'" rJJ~ Addition rn~ bO" ;:;:" 
Nothing . . .. . .... 4 . 52 
:-Tothing . .. ...... 4.52 
0.1 gm. Na ,S . .... 4.98 
01 gm. Na 'S..... 4.54 
0.1 gm. K,S .... .. 11.34 
00", 
ul~ bO_ 
S£ 
~~ 
4.52 
4.76 
o 1 gm . K ,S...... 11 . 38 11 . 36 
0.1 gm. CaS ...... 15.25 
e 
0 
1 '" ~  .... 
1 oo~~ ..... .: 
"'--bO,," 
;:;:"'''' 
0.24 
6 . 84 
0.1 gm. Cas ...... 15.38 15.31 10.79 
0.1 gm. Na' S ........... . . 
01 gm. Na'S ..... . ...................... . 
0.1 gm. K,S...... 6.57 
0.1 gm. K,S...... 7.87 
0.1 gm. CaS ...... 10.46 
7.22 7.22 
0.1 gm. CaS ...... 10.23 10.34 10.34 
"C 
'" """, 1 ~.~ '0-0 
".: ,,0 
cd~ .... 
1 ~-g-g 
'" 
'ONbO'" *~~ ;:;:" 
13.33 1.80 
29.09 23.51 
I 
44.44 I. ~4 :~7 .. 13.33 
29.09 I 24.81 
44.44 I 23.26 
for the soil and to 12% for the sand with sterile water, and the 
samples incubated for five days at room temperature. At the 
end of that time the sulfates were determined as usual and the 
amounts secured are recorded in the table. 
It will be noted that there was practically no oxidation of 
the sodium sulfide either in the soil or in ·the sand. In the case 
of the potassium sulfide and the calcium sulfide, however, there 
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was a considerable oxidation, about 25 % of the sulfides being 
oxidized both in the soil and in the sand. This is a somewhat 
greater oxidation than occurred in series XX, where 18% was 
oxidized, but in that case there was also an oxidation of the 
sodium sulfide. It is apparent, therefore, that not only does 
chemical oxidation of some sulfides occur when shaken with soils 
but it also takes place when sand is used instead of soil. Further-
more, the point previously mentioned is definitely shown here, 
that the oxidation of sulfides, when shaken with soils, varies 
with different soils and also with different sulfides. 
Again, it is found that sodium sulfide is the most satisfactory 
for use as a measure of sulfofication because the oxidation upon 
shaking with water is so small. 
Sm'ies XXIII 
In order to test further the oxidation of sodium sulfide in 
soil when shaken with water, this series was carried out. One 
hundred gram quantities of fresh soil were weighed out and 
sterilized, 0.1 gm. of sodium sulfide added, the moisture content 
made up to 25 %, and the samples incubated as usual. The re-
TABLE XXIII 
.,; 
Z 
..ci 
.. 
H 
Addit:on 
I 
1 1 0.1 gm. Na,s . .... ...... . ........ . 
2 I 0.1 gm. Na 'S .... . ............... . 
3 I 0.1 gm. Na 08 ..................•.. 
4 I 0.1 gm. Na,s ..................•.. 
5 I Not"ing . ....... . .......... . ... . 
I I 
4.09 
4.02 
4.02 
3.82 
3.34 
I E \ ",0 "';: 
ui~ .. 
I ~~~ I ;:;::"'''' 
0.75 13.33 I 0.62 I 
0.C8 13.33 0.10 
.. ~:~~ ... ~~:~~ .... ~:~~ .. j .. ~ :~~ .. 
suIts given in table XXIII show that there does occur a small 
oxidation of sodium sulfide upon shaking with water, the amounts 
of sulfates produced being less than one milligram per one hun-
dred grams of soil, the average percentage oxidation of the 
sodium sulfide added being 4.85%. 
'fhis series merely serves to emphasize the point that the 
oxidation of the sulfide upon shaking must be determined for 
each soil examined and subtracted from the total sulfates pro-
duced in order to arrive at a determination of the sulfofying 
power of the soils. 
Se1"ies XXIV 
The use of iron sulfide as a measure of sulfofication suggested 
itself and a series was therefore planned using this substance. 
Four one hundred gram quantities of fresh soil were weighed 
79 
out, 0.1 gm. of iron sulfide was added to each, and four other 
samples remained untreated. The moisture content in all was 
made up to 25 % and two of the untreated samples and two of 
those receiving the iron sulfide were incubated for five days at 
room temperature. The other four samples were leached im-
mediately for sulfates to ascertain the oxidation brought about 
by the shaking process. 'fhe results in table XXIV show that 
TABLE XXIV 
Addition 
1 I 0.1 gm. FeS ............. " ........ . 
2 0.1 gm. FeS ................ . .. . . . 
4 Nothing ................... . .. . . 
3 I Nothing .................... . . . . 
5.41 
5.07 
3.48 
3.85 
5.24 
. ''' I "" [. ''' .. 3.66 
Same as above but not Incubated sulfate leached out ImmedIately. 
5 I 0.1 gm. FeS......... . ............ 3.23 I 
6 0.1 gm. FeS.... . .... .. ..... . .. . .. 3 . 23 3.23 . . " ..... 36.36 
7 Nothing ...... " .. . . .. . . .. . . . . . . . 3 . 36 
8 I Nothing ...........•............ 3.34 3.35 .. . ....... . ............ . 
I I 
there was practically no oxidation of the sulfide in this way 
while when incubated in the soil there was an oxidation of about 
4'70 . Jron sulfide might prove satisfactory, therefore, for the 
purpose of measuring sulfofication but it was feared that the 
use of an iron salt would complicate matters somewhat because 
of the well-known stimulating effect on crops and bacteria and 
hence further tests with the material were not carried out. 
Se1"ies XXV 
As the results thus far seemed to indicate that sodium sulfide 
was the best substance to use as a measure of sulfofication it was 
decided to test several soils from various sources for sulfofying 
power, using this material. Accordingly six soils of as widely 
varying character as possible were sampled, one hundred gram 
quantities of the fresh samples were weighed out in tumblers. 
0.1 gm. of sodium sulfide added to each, the moisture content 
made up to 25 % for those soils taken in the Wisconsin drift area 
and to the optimum for the other soils, and the samples incubated 
for five days. The amounts of sulfates present as such in the 
soil were ascertained and the amounts of the sulfide added oxi-
dized in the different soils in the shaking process were also deteJ"-
mined. These two amounts were subtracted from the total 
Quantity of sulfates produced and the differences gave the sul-
fofying powers of the soils. The results are given in table XXV. 
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It is seen from this table that there is considerable variation 
in the sulfofying power of different soils. Thus the soil from the 
river bank gave an oxidation of only 31 % while the Wisconsin 
drift soil, manured at the rate of 25 tons per acre, showed a 77 % 
o 
Z 
'0 
en 
Soil Source 
1 \ Sanciy learn \ 
I graveyard. . \ 1 I Sandy loam . . .. 
\ graveyard . 2 Sandy loam low, 1 I ~~~:]y .. ~l~~i.n.e.d . .. 
2 I Sandy loam low, I 
I poorly drained 
3 1 H~~;. li~'c'k '\~~~d~ 1 
land E011 . ..... . 
3 \ H eavy. b~ ack wood-
land soil ... . .. . 
4 I Typical "and 
I river bank .... 
4 I Typical sand 
I 
river bank ····· 1 
5 W iscons:n c.dft EOil l 
untreated ..... . 
5 W isconsin drift soil 
untreated ..... . 
6 1 W isconsin drift soil 
manured at rate 
of 25 tons per 
I acre .......... . 
6 I Wisconsin drift soil 
\ manured at rate I of 25 tons per l 
I acre ........... 1 
I I 
16 
16 
21 
21 
26 
26 
11 
11 
18 
18 
15 
15 
TABLE XXV 
9.21 
10.95 
16.91 
17 .29 
18 .17 
18 . 98 
4.4 1 
4.02 
15.55 
15. 37 
12.15 
1 13 . 92 
10.08 
17 . 10 
18 . 57 
4.21 
15.46 
13.03 
trace 2.61 7 .47 
v.56 3 .61 7.93 
. ... . ... '13 .13 5.44 
trace trace 4.21 
3 .19 2.33 9.94 
1. 52 1.18 10. 33 
*includes ~u1fate from soil and that due to oxidation by s~ak ;n~ .. 
\ 
I "'" 
1 59.48 
1 40.81 
1
1 31. 58 
74.56 
77.49 
oxidation. 'l'his latter soil gave a higher sulfofying power than 
tl1e soil of the same type which had not received any application 
of manure and in which the moisture content was more nearly 
at the optimum. It would seem, therefore, that increasing the 
organic matter in the soil increases its sulfofying power but 
th ere are undoubtedly other factors involved in the process, for 
the heavy black woodland soil contained an abundance of or-
ganic matter and possessed a sulfofying power next to the 
smallest. The govel'l1ing factor here might have been reaction, 
;noistu1'e 01' aeratioll, for the soil was acid and the moisture 
content was very much higher than that in the ordinary culti-
\'ated soils and conseq llently th e aeration was lower. The two 
sandy loam soils showed about the same sulfofying power, the 
sample containing the larger amount of moisture giving a 
slightly larger production of sulfates. 
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These results show, therefore, that soils do have a variable 
sulfofying power and that this power is dependent on the bac-
terial conditions mainly, although the chemical character of the 
soil also undoubtedly exerts some influence. 'l'he physical con-
ditions of the soil have an indirect influence because of their 
effect on the bacteria. Much further 'work will be necessary to 
reach any conclusions regarding the influence of physical agencies 
on the sulfofying power of soils, the present work presenting 
merely a birdseye view, as it were, of the problem. The facts 
that soils do have a sulfofying power mainly bacterial in nature 
and that this power is dependent upon various physical factors 
and the chemical composition of the soil open up a vast field of 
inquiry and much work must be done before any very definite 
conclusions can be reached or any principles governing the 
process can be established. 
Se1'ies XXVI 
In connection with the previous serIes a duplicate was run, 
the soils being the same, the conditions of the experiment the 
same and the only difference being that 0.1 gm. of free sulfur 
Soil Source 
1 I Sandy loam 1 I graveyard ..... . 1 Sandy loam 
graveyard . . .... 1 
2 I Sandy loam low. I I ~~~~IY .dr~i~.ed ... 
2 I Sandy loam low. 
I ~~~~]y .. ~l~~i~.e.d .. 'I 31 Heavy. black wood-
land soil ...... . 
3 Heavy. black wood-
1 land soil ....... / 4 Typical sand 
I river bank ..... ' / 
4 I Typical sand 
1 
river bank · ····· 1 
5 Wisconsin drift wil l 
J untreatod ..... . . / 
5 I Wisconsin drift soil 
I untreated ....... 1 
6 I Wisconsin drift soil l I manured at rate I of 25 tons per l 
I acre ............ 1 
6 I Wisconsin drift soil l 
I manured at rate 
I of 25 tons per l 
II acre············ 1 
16 
16 
21 
21 
26 
26 
11 
11 
18 
18 
15 
15 
TABLE XXVI 
6.15 
6.01 
12.43 
11.98 
11.57 
lost 
II :'.:: 
1 10.05 
1 10 . 34 
/1 12.48 
I 
/ 13.11 
6.08 
12.20 
11. 57 
I 
II 3.56 
I 
1 10 .19 
1 
I 
I 
I 12.79 
I 
trace 1. 48 4.60 
5.56 1.76 4.88 
........ ·9.87 1.70 
trace trace 3. 56 
3.19 1.37 6.63 
1.52 0.48 10.79 
'includes sulfate from soil and that due to oxidation by shaking .. 
4.60 
4.88 
1. 70 
3.56 
6 . 63 
10.79 
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was added to the soils instead of the sodium sulfide. The results 
of this series are given in table XXVI. The oxidation of the 
free sulfur by shaking with water was very small and in some 
cases practically nothing. The percentage of sulfur added that 
was oxidized in five days was very much less than the percentage 
of the sulfur in the sodium sulfide oxidized in the same length 
of time. Evidently the free sulfur is oxidized much less rapidly 
than the sulfide. 'l'his fact lends support to the idea that there 
is some chemical oxidation of the sulfide in the soil. 
Comparing the results in this series with those using the 
sodium sulfide in the preceding series, it is found that practically 
the same relations between the sulfofying powers of the soils 
appear. 'rhus the Wisconsin drift soil which received the ma-
nure again gave the highest percentage sulfofication, the soil of 
the same type unmanured showed a smaller oxidation, the 
sandy loams gave still smaller changes, the results in the one 
containing the most water, being slightly larger than in the 
other soil. 'rhe only variation between the relations among the 
different soils given here and those shown in the previous series 
occurs with the river bank sand and the woodland soil. In 
this series the sand from the river bank showed a greater oxida-
tion than the woodland soil, which was the opposite of the re-
sults secured when the sulfide was used. In both cases, how-
ever, the percentages of oxidation were smaller than with the 
other soils. It appears, therefore, that in most cases the sulfofy-
ing power of soils may be tested by the use of either sodium sul-
fide or of free sulfur, the latter material being much less readily 
oxidized than the former, but the relative sulfofying powers of 
different soils show up (Iuite distinctly and longer ' incubation 
might make the differences more pronounced. 
At this point the greenhouse experiments reported later were 
carried on and the remainder of the series discussed here were 
conducted following the completion of the greenhouse experi-
ment. 'rhey may be inserted here, however, as they bear directly 
on the problem of the development of a method for sulfofication. 
The sulfofication tests of the greenhouse soils were carried out 
using sodium sulfide in almost all cases and these immediately 
following series show the greater value of the free sulfur as a 
measure of sulfur oxidizing power. It will be of interest in the 
greenhouse work to note the comparison of the results with the 
two materials. 
Set'ies XXVII 
As was noted in the previous series there was an indication 
there that with a longer period of incubation the oxidation of 
free sulfur might occur much more completely and the differ-
ences between different soils stand out more prominently. This 
83 
series was therefore planned to test the rate of oxidation in soil 
of free sulfur using varying amounts of that material. The 
soil, which was freshly sampled for the purpose, was weighed out 
in one hundred gram quantities and varying amounts of sulfur 
were added, the moisture content adjusted to the optimum, and 
the samples incubated for varying lengths of time at room tem-
perature. 
Examining the results in table XXVII it may be seen that 
with increasing periods of incubation there were increasing per-
TABLE XXVII 
I I I I I 
, 
6 
'" 
rJi~ ro'x , 
"''' ",,';< 
" 
.. ... ...- .. 0", 0 
I I 
" 
I 
." 
I 
"'-.. 
I 
." . "..0 ,,0 Z Amount Sulfur Added ' -'O C/l .... ,,- C/l+> U1~'O :;~~ S~ .. ", ~ ~~ ui::!: 00:::::;: . ~ v'!!? 00 ...... N .... "''ON 
.. .... 
" " ~~ ""0 b(I ~ .... 0 'O.-
..< Q..o ~'  ;il"'''' ~ rn~rn ~ ~'"C 
I I 
I 1 
I 
0.10 gm. · . . . . . . . . . . . . . . . 5 6.47 
2 0.10 gm. .... . .. ..... . .. . 5 6.75 6.61 3.93 2.68 2 . 68 
3 0.10 gm. .. . .. . . . .... . . . . 7 13.35 I 4 0.10 gm. . .. .... . ........ 7 13.39 13.37 3.93 9.44 9.44 
5 I 0.10 gm . . ... . . . ......... 10 25.59 I 6 0.10 gm. · . . . . . . . . . . . . . . . 10 25 . 19 25.39 3.93 21. 46 21. 46 
7 I 010 gm . . ... ... . . ... . ... 14 33 . 75 8 0.10 gm . . ............... 14 33. 31 33 .53 3.93 29.60 29.60 
9 I 0.05 gm . ................ 5 4.95 
10 I O.OG gm. . ....... .... .... 5 5 .19 5.07 3.93 1.14 2.28 
11 I 0.05 gm. ......... . . .. . .. 7 8.00 
12 I 0.05 gm. · . . . . . . . . . . . . . . . 7 7.40 7 . 70 3.93 3.77 7.54 
13 
I 
0.05 g m . ..... . .. . ....... 10 14.06 
14 0.05 gm. · . . . . . . . . . . . . . . . 10 13.95 14.00 3 . 93 10.07 20.15 
15 0.05 gm. ..... . .. .. . .. ... 14 17.44 
16 0.05 g m. .... . ...... . . . .. 14 17 . 10 17.27 3 . 93 13.34 26. €8 
17 
I 
0.025 gm . . . .. . ..... . ... . 5 4.85 
18 0.025 gm . ............... 5 4.67 4.76 3.93 0 . 83 3.32 
19 0.025 gm. .... . ......... . 7 6.44 
20 0.025 gm. . . . . . . . . . . . . . . . 7 5.85 6.14 3 . 93 2.21 8.84 
21 0.025 gm . ..... . ......... 10 7.32 
22 I 0.025 g m. ............... 10 7.03 7.17 3 . 93 3.24 12.96 
23 I 0.025 gm . .... . ..... . .. . . 14 10.30 
2~ I 0.025 g m . ......... . .. . .. 14 8.16 9.23 3.93 5.30 21.20 I 
centage oxidations in the case of all three amounts of sulfur, the 
gains being slightly larger in the case of the larger amount of 
sulfur. It is apparent from these results that the incubation pe-
riod in sulfofication tests should be ten to fourteen days in dura-
tion where free sulfur is employed as a measure of the extent of 
the process in order to permit of the accumulation of sufficient 
amounts of sulfates to bring out the maximum differences in 
sulfofying powcr among various soils. 
SM'ies XXVIII 
The next question that arose was regarding the optimum mois-
ture content for the occurrence of the process of sulfofication of 
free sulfur and this series was planned to test that point. One 
hundred gram quantities of air-dry soil were weighed out in 
tumblers and 0.1 gm. of free sulfur added to each. Ten c.c. of 
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an infusion of a fresh soil were added to each and increasing 
amounts of water to the samples in duplicate to provide for 
varying moisture content. The samples were then incubated 
for seven days at room temperature. The results of this series 
arc given in table XXVIII. 'l'he oxidation of the free sulfur 
TABLE XXVIII 
~ ui~ "''' f/J'>( ~'>< :>! 
." ".- "0>. 0 . ", "' .... .", • ",..0 ,,0..0 
"'- :=:"0 z % Water Added en .... s~ en .... rJl~'O 
.ci ..... u5~:-= ''+-I Q) rn ~~~~ "'- ~~ ~""3.~:g " "''' "'''0 '0._ 0 H ~'" ~"'''' ;:?4 rn't:l r/J * ~"Ocn 
I 
1 I 10.00 .. . ........ . . . ....... . ..... 6.17 2 10.00 .... ... .... . .............. . 5.24 5.70 4.58 1.12 1.12 
3 I 20.00 . .. ... . ..... .. ...... . ...... 7.44 4 20.00 ............. . .......... . .. 6.65 7.04 4.58 2.46 2.46 
5 
I 
25.00 ........ .. ................. 8.74 
6 25.00 . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.81 8.77 4.58 4.19 4.19 
7 40.00 .................. . ........ 7.56 
8 40.00 . . ........ .. ......... .. .... 7.56 7.56 4.58 2.98 2.98 
9 I 50.00 ............... . .. . . . ...... 5.10 
10 
I 
50.00 ........................... 5.62 5.36 4.58 0.78 0.78 
11 60.00 ...... . ...... . ... . ......... 6.06 
12 60.00 ...... . .................... 5.57 5 . 81 4.58 1.23 1. 23 
13 80.00 .. . ...... . . . ...... . . . ...... 6.05 
14 
I 
80.00 ........... . ............... 5.88 5.96 4.58 1.38 1.38 
15 100.00 ............. . . ............ 6.41 
16 100.00 . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.55 6.48 4.58 1. 90 1.90 
I 
by shaking with water for seven hours was found to be so 
small that it was negligible. Hence, the amount oxidized by 
the soil was obtained by subtracting from the total sulfate con-
tent at the end of incubation the amount present in the soil 
itseli'. Examining the column of results showing the percentage 
of the sulfur oxidized by the soil, it will be seen that there was 
a gTaciual increase in amount oxidized up to 25% water but a 
droPf,ing off beyond that point and the variations in amount 
were slight up to 100% . . The quantities of sulfates produced 
by the soil were rather small, particularly in the case of thoRP, 
samples receiving the larger amounts of water, but the fact that 
maximum oxida~ion occurred with 25% of water was clearly 
shown. Longer incubation ' vould undoubtedly bring out larger 
differences and a later series was carried out to test that point. 
Series XXIX 
This series was planned to throw some light on the effect of 
aeration on the snlfofication of sulfur. One hundred gram 
quantities of mixtures of air-dry soil and pure white sand in 
varying proportions were made, 0.1 gm. of free sulfur and 10 
C.c. of an infusion of fresh soil added to each, the moisture con-
tent adjusted to the optimum, assuming 25% for the soil and 
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12% for the sand, and the samples incubated for seven days at 
room temperature. 
'l'he results obtained by the determination of the sulfates in 
the usual way are given in table XXIX. 'rhe oxidation of free 
TABLE XXIX 
I I 
I Ul Q) I 
s I I '" ",0 ", . ~ ~ >< ~ '0 '" " .~ ,,~ ~~z 0 <Ii " 
'" 
I 
"''"' 
I I 
,,0..0 
Z '" 
" 
u)~ ,,- u.l~ u)~ 
I 
'"''0 
" E~ :;:s '0"; " "'" "'0,,, ~~]~ .ci 
I I 
i:: E oo~ oo~:;::: ui:=: ~:;::: 
"" ~~ ""0 b(j ;::I ..... 0 "'0 .... 0 " ~" Jl" ;;I'" ;;I"'''' ;;I ",'0 '" * ~"'VJ ..:I 
I I 
I 1 100 I . . . . . . . . . . 7.65 2 100 .......... 7.88 7.76 4.58 3.18 3.18 3 90 
I 
10 7.79 
4 90 10 8.15 7.97 4.12 3.85 3.85 
5 80 20 8.64 
6 80 20 7.97 8.30 3.66 4.64 4.64 
7 60 40 9.05 
8 60 40 8.82 8.93 2.75 6.18 6.18 
9 50 50 9.00 
10 GO 50 8.33 8.66 2.29 6.37 6. 37 
11 30 70 7.43 
12 30 70 6.89 7 .16 1.37 5.79 5.79 
13 20 80 6.75 
14 20 80 6.34 6.54 0.92 5.62 5.62 
15 10 90 3.55 
16 10 90 3.60 3.57 0.46 3.11 3.11 
sulfur is shown quite clearly by these results to be influenced 
by the amount of air present up to a certain point beyond which 
some other factor evidently depresses the production of sulfates. 
Thus there is a gradually increasing production of sulfates in 
the soil mixed with sand up to 50% of each, but increasing the 
amount of sand and decreasing therefore the quantity of soil 
beyond this point decreases the sulfofication, the decrease being 
gradual down to 10% soil and 90 % sand. Twice as much sul-
fates is produced in the mixture of 50% soil and sand as in 
the soil alone or as in the mixture of 10% soil and 90% sand. 
It is apparent, therefore, that increasing the amount of air pres-
ent in the soil up to a certain point brings about an increase in 
the sulfofication but beyond that point some other factor, perhaps 
lack of organic matter or of mineral matter, prevents further 
increase and there occurs a depression in the sulfofying power. 
The amounts of sulfates produced were small and a further test 
was carried out, using a longer period of incubation, and the 
differences appear much more definitely. 
Series XXX 
This series was planned to check the results secured in serieR 
XXVIII, using a longer period of incubation. 'l'hus one hundred 
gram quantities of air-dry soil were weighed out, 0.1 gm. of 
sulfur added to. each, five c.c. of an infusion of fresh soil intro· 
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12 1 35.00 ........... . ...... . ....... . . 10.70 10.75 4 . 58 6.17 6.17 
13 1 40.00 ... ....... . . ..... ..... . . .... 7. 54 
14 40.00........... ... .. ... .. . .. .... 9.40 8.47 4.58 3.89 3.89 
15 1 45.00 ... . . ... .. . ........ ..... . . .. 6. 12 
16 1 45.00 ........................... . 6 . 15 6.13 4.58 1. 55 1. 55 
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duced, and varying amounts of moisture applied. The samples 
were then incubated for ten days at room temperature. 'fhe 
results given in table XXX check very satisfactorily those ob-
tained in the previous series. '1'here was a gradual increase in 
sulfates produced with increasing amounts of water up to 25 % 
and beyond that point a gradual decline, the amount of sulfates 
formed with 45 % water, approximately the saturation point, 
being just about the same as that formed with 5% water. In 
the longer period of incubation the differences were brought out 
much more definitely than was the case with the seven days' 
incubation. In this series almost eight times as much sulfates 
w&s produced with 25% water as with 5% and more than twice 
as much as with 15%. It is apparent from these two series that. 
the optimum water content for sulfofication is 50% of the satura-
tion. 'fhis shows that when moisture conditions are at the opti-
mum for the growth of crops sulfofication may occur to the 
optimum extent, other conditions being satisfactory. In other 
words, when the saturation point of a soil is 50%, the optimum 
water content for the process of sulfofication of sulfur is 25 %. 
Furthermore, it is evident that the saturation point of soils 
should be ascertained and the moisture content brought to the 
optimum for every soil t ested in order to obtain an accurate 
determination of its sulfofying power. Two soils should not be 
compared as to sulfofying power without insuring the main-
tenance of optimum moisture conditions and the actual percent-
ages of water which this means may be fluite widely separated. 
It would seem from these results that the process of sulfofica-
tion may be closely related to crop production. Experiments 
are under way to throw some light upon this point and will be 
reported at some future time. 
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Series XXXI 
In order to test further the effect of aeration on the production 
of sulfates a series duplicating almost exactly series XXIX was 
planned. One hundred gram quantities of air-dry soil and sand 
in varying proportions were weighed out in tumblers, 0.1 gm. 
'fABLE XXXI 
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I 
80 
I 
20 23.80 
6 80 20 22 .35 23.07 3.29 19.78 19.78 
7 Co 40 26.86 
8 1 60 40 26.36 26.61 2.47 24.14 24.14 
9 
I 
GO 
I 
GO 28.66 
10 GO 1)0 27.52 28.09 
I 
2.06 26.03 26.03 
11 ~O 70 23.14 
1~ 1 30 '10 22. 10 22 . C3 1.23 21. 40 21.40 
1J 1 ZO 
I 
80 19.10 I 14 I 20 80 16.85 17 .97 0.82 17.15 17.15 15 10 90 1 ~. 48 I 
16 1 10 II 90 I lest 12.48 I 0.41 12.07 12.07 1 I I I 
of sulfur added to each 10 C.c. of an infusion of a fresh soil 
introduced and the moisture content adjusted at the optimum, 
25 % for the soil and 12 % for the sand. 'rhe samples were then 
incubated for ten days at room temperature and the results 
secured upon their examination are recorded in table XXXI. 
'rhe longer period of incubation used here brings out 
the differences, much more · clearly than was the case in the 
previous series but the identical relations found ther e were shown 
here also. 'rhus the mixing of sand with the soil in gradually 
increasing amounts brings about a gradual increase in sulfate 
production up to a mixture of 50 % soil and 50% sand, over twice 
as much sulfate being formed in the latter case. Increasing the 
amount of sand and consequently diminishing the soil , however, 
beyond this point brings about a gradual decline in sulfate pro-
duction, the amount formed with 10% soil and 90% sand being 
less than one-half that formed with 50% of each and just about 
the same as the amount produced in the soil alone. The facts 
brought out in the previous series along this line are thus con-
firmed by the results at hand and the effects of aeration in in-
creasing sulfofication in soils are definitely shown. This increase 
was apparent np to the point where the humus content or the 
mineral matter content became a restricting factor of growth .. 
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Series XXXII 
This series was planned to determine the effects of various 
carbohydrates, soluble and insoluble, on the process of sulfofica-
tion in various soils. As has been noted, Brioux and Guerbet 
studied the influence of carbohydrates on the oxidation of sulfur 
3IJd they found that sugar and starch appreciably retarded 
the oxidation while peptone and other nitrogenous substances 
favored it. In this work three carbohydrates were used; 83C-
charose, which is readily soluble, starch, which is partially solu-
ble, and filter paper, ground fine, which is soluble only to a very 
slight extent. l!-'our soils which had been differentiated by dif-
fenmt treatments were employed. 1'he soils used and the trcni-
ment were as follows: 
Plot l07-Nothing. 
Plot 108-2 tons oats straw annually. 
Plot 111-2 tons clover hay, annually. 
Plot 114-4 tons manure annually. 
One hundred gram quantities of fresh soils were weighed off 
as usual in tumblers, 0.1 gm. of free sulfur and varying quan-
tities of saccharose, starch, and filter paper added. The mois-
ture content of the samples was adjusted to the optimum, using 
an additional amount where the larger quantities of organic 
matter were added. The sulfur present as sulfate in the soils 
was determined and the total sulfates produced at the end of ten 
days' incubation was ascertainen.. The plan of the tests and the 
results of th e analyses are given in tables XXXII, XXXIII, 
XXXIV, and XXXV for soils 107, 108, 111 and 114 respectively. 
o 
z Addition 
TABLE XXXII 
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4 1 gm. saccharose .. :.. ... ......... 7.70 
5 3 gm. saccharose.. . . ....... . . ... . . ...... . 
rA~ 
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"'''' eo-E£ 
~~ 
7.19 
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4 .42 2 . 77 2.77 
3 II 1 gm. saccharose................. 6.68 
6 3 gm. saccharose................. ........ ........ ... .. ... ...... .. . ..... . . 
7 I 5 gm. saccharose. .... ... .. .. .. ... . ...... . 
8 I 5 g m. saccharose...... . .. ....... . ........ ........ ....... . ........ . ...... . 
9 1 gm. starch...... .... .... .. .... . 11 . 12 
10 1 gm. s tarch ......... . .... ..... .. 20.90 16.01 4.42 11 .59 11.59 
11 3 gm. starch .......... .. ......... 10.09 1 I 
12 3 gm. starch .. .. .... .. ........ ... 17.39 13.74 4.42 9.32 9.32 
13 5 gm. starch..................... 9 . 88 
14 5 gm. s tarch .......... .. .. .. .... . 11.12 10.50 4.42 6.08 1 6.08 
15 1 gm. filter paper . ... .... . ... .... 28 .19 
16 1 1 gm. filter paper ................ 26.78 1 23.06 23.06 
17 3 gm. filter pape.r .......... . .... ' 1 15.44 1 
18 I 3 gm. filter paper ............... . 15.00 10.80 10.80 
19 I 5 gm. filter paper ................ 12.32 I 
20 1 5 gm. filter papel· ................ 12.40 7.94 I 7.94 
21 Nothing ................ ........ 38.30 
22 I Nothing ... . ..........•. ...•.. .. ,_3_8._3_0--"-__ ----"-___ -2.1_3_3_.8_8-21_3_3_.8_8_ 
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Examining the sul£ofication in the soils alone it will be noted 
that there was not a wide variation. 
107-33.88% S. oxidized. 111-33.56% S. oxidized. 
108-36.48% S. oxidized. 114-33.85% S. oxidized. 
The effects of the soil treatments did not show up distinctly 
and this was probably due to the topography of the plots at least 
.;; 
z 
'0 
'" 
TABLE XXXIII 
Addition 
1 gm. saccharose ................ . 
1 gm. saccharose ................ . 
3 g m. saccharose ................ . 
3 gm. saccharose ................ . 
5 gm. saccharose ................ . 
'" 
'" 
9.29 
9.12 9.20 
3 
4 
5 
6 
7 
8 
9 ~ !:::: ~~~~~h~~~~::::::::::::::::: . i2: 76 .. ! ....... . 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
1 gm. starch ................ .. ... 12.59 12.67 
3 gm. starch .. . .. . . .•... . ... . . ... 1 lost 
3 gm. starch ....... • ............. 10.77 10 . 77 
5 g m. starch............ .. ....... 8.72 
5 gm. starch .......... ........... 10.09 9 . 40 
1 gm. filter paper................ 34.96 
1 gm. filter paper.......... . ..... 30 . 04 3~. GO 
3 gm. fi lter paper............. . .. 13. 50 
3 gm. filter paper................ 18.45 15.97 
5 gm. fi lter paper .... . .. .... . .. .. 14.02 
5 gm. filter paper ..... • ... . ...... 17.28 15.65 
Nothing .. . . . . . . . . . . . • . . . . . . . . .. 41. 49 
Noth ing .. . . . . . . . . . . . . . . . . . . . . .. 41. 49 41. 49 
TABLE XXXIV 
Addit ion 
3 11 grn. saccharose .............. . . . 
4 1 gm. saccharose ... ... .......... . 
~ I ~ ::: ~:~~~:~~~:::::::::::::::::: 
7 I 5 g m. saccharose ... . ..... . . ..... . 
8 I 5 g m. saccharose ..... . ....... .. . . 
9 1 1 gm. starch .........•.... . . . . .. . 
10 1 gm. starch ........ . . .•. . . . .... . 
11 1 I'm. starch ..... . . • .... . . • ...... 
~~ I ~ ::::: ~~:~~~::::::::::::::::::::: 
H 1 5 ~m. starch ..... . . . . . .. . . . . . ... . 
15 1 1 I'm. filter paper··· · ··· ···· ·····1 
16 1 ~ m. filter paper .....•.......... 
17 1 g gm. filter paper ... .. . . .. . .. . .. . 
18 1 3 I'm. filter paper .. .. . . . .. . .. . .. . 
19 1 5 I'm. filter paper· ···· · ·· · ·· ·· ··· 1 
20 F. p-m. filter paper . . . . ... .. . .. . .. . 
21 1 Ncthing . ........................ 1 
22 1 Noth ing .... .. ... . ....... ... .... . 1 
1 1 
11.06 
10.43 
12.95 
12.68 
10.09 
10.43 
8.76 
9.94 
30.59 
30.59 
13.07 
14 .1 0 
14.21 
13.25 
38.30 
38.30 
10.74 
12.81 
10.26 
9.35 
30.59 
13.58 
13.73 
38.30 
5 .01 
5.01 
5 . 01 
5.01 
5.01 
5.01 
5 . 01 
5.01 
4.74 
4.74 
4 . 74 
4 . 74 
4 . 74 
4.74 
4 . 74 
4 . 74 
4.19 
7.66 
5 .76 
4.39 
27.49 
10.96 
10.64 
36.48 
6.00 
8.07 
5 . 52 
4.61 
25.85 
8.84 
8.99 
33.56 
4 .19 
7.66 
5.76 
27.4U 
10.96 
10.64 
36 . 48 
6.00 
8.07 
5.52 
4.61 
25.85 
8.84 
8.99 
33.56 
o 
z 
I 
Addition 
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TABLE XXXV 
3 1 1 gm. saccharose... .... .... .. .... 14 .88 
4 1 gm. saccharose ..... . ... .... .... 14.65 14.76 6.63 8.13 8.13 
5 I 3 gm. saccharose .......... .. ..... ....... . 
6 3 g'm. saccharose ................. ....................................... . 
7 I 5 gm. saccharose.... . ............ . ...... . 
8 5 gm. saccharose ...... .. . . . ...... ........ . .. .. ................. . ........ . 
9 I 1 gm. starch..................... 16.14 
10 I 1 gm. starch ........ .. ........... 16.87 16.50 6.63 9.87 9.87 
11 I 3 gm. starch......... . ... ... ..... 14.23 
12 I 3 gm. starch........ . ............ 13. 94 
13 I 5 gm. starch....... .. ... .. ....... 12.06 
14 5 gm. starch .................... '114 .59 
15 1 1 gm. filter paper..... . ..... . .... 30.59 
16 1 gm. filter paper ................ 30 . 88 
17 I 3 gm. filter paper ............... ' 1 18.61 
18 I 3 gm. filter paper................ 18.42 
19 15 gm. filter paper ........ . ....... 18. 12 
20 I 5 gm. filter paper. . .............. 16.92 
21 I Nothing ........ ·· .. · .. . ·· ... · .. · 1 39.22 
22 I Nothing ............. ... ......... 41.74 
I I 
14.08 
13.32 
30.73 
18.51 
17.52 
40A8 
6.63 7.45 7.45 
6.63 6.69 6.69 
6.63 24.10 24.10 
'6.63 11.88 11.88 
6.63 10.89 10.89 
6.63 33.85 33.85 
in part for plot 108 which was next to 107, the check, showed a 
larger sulfofication due evidently to its treatment. The effectf; 
of the various carbohydrates on the sulfofying power of the 
different soils would therefore be expected to be somewhat simi-
lar. This will be seen to be the case by a study of the tables. It 
will be noted that no results are given where the three and five 
gram quantities of saccharose were added. This is due to the 
fact that the sulfates produced stimulated the transformation of 
the sugar into organic acids. The extract secured upon shaking 
the soil with water for seven hours was consequently very dark 
in color and when the barium chloride was added there was a 
large precipitation of barium salts of the organic acids. The 
one gram quantity of the sugar was not transformed sufficiently 
to interfere with the precipitation and the results obtained 
showed a depression in sulfofication in every case. The addition 
of starch likewise depressed sulfofication in every instance, the 
larger the quantity the gl'eater the depression. Thus the five 
gram quantity depressed the oxidation more than the three 
gram amount and this latter more than the one gram quantity. 
Similarly with the additions of filter paper, the one gram, three 
grams, and five grams all depressed the sulfofication, the largest 
amount giving the greatest depression in every case. It is inter-
esting to note that the smallest amount of filter paper depressed 
the sulfofication only to a small extent and that in nearly every 
case the largest amount depressed it less than the smallest amount 
of saccharose or starch. In every case, too, the saccharose de-
pressed the oxidation of the sulfur more than did the starch. 
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The results of these tests showed quite distinctly, therefore, 
that carbohydrates depressed the oxidation of sulfur, the larger 
the quantity the greater the depression. Furthermore, the solu-
ble carbohydrates depressed the oxidation more than the insolu-
ble. Thus saccharose brought about the greatest retardation, the 
more insoluble starch caused a smaller retardation and filter 
paper depressed to a still smaller degree. 
CONCLUSIONS 
It is apparent from the results which have been discussed in 
the previous pages that the sulfofying power of soils may be 
determined in the laboratory. The method devised is the addi-
tion of a sulfide, preferably NazS, or of free sulfur to fresh soil, 
adjusting the moisture content to the optimum and incubating 
for 5 to 10 days at room temperature. At the end of that time 
the sulfates are leached out by shaking with water for seven 
hours, precipitated with barium chloride and determined by the 
use of the sulfur photometer. 
The oxidation of sulfides and free sulfur in the soil has been 
found to be mainly brought about by bacterial agency. There 
has been found to be, however, a small chemical oxidation of 
the sulfides, NazS, K 2S, and CaS in soil upon shaking for seven 
hours with water. The extent of this oxidation varied with dif-
ferent soils and the sodium sulfide showed the smallest change 
in this way. There was practically no change in free sulfur upon 
shaking with water, hence this latter material is undoubtedly 
the best to use for sulfofication although the incubation period 
must be continued for a longer time. This slight chemical oxida-
tion of sulfides upon shaking with water leads to the conclu-
sion that there may be some chemical oxidation of sulfides in the 
soil. Thus while the process of sulfofication is undoubtedly 
mainly bacterial in nature, there may be some purely chemical 
action also. 
The sulfofying power of soils has been found to vary with 
different treatments. 'rhus the use of manure or green manure 
on soils increased their snlfofying power and in general it ap-
peared that soils poor in organic matter were low in sulfofication. 
The water content of the soils also influenced the rate of 
oxidation of sulfur. Thus sulfofication was found to increase 
with increasing moisture until the optimum, or fifty per cent of 
the amount necessary for complete saturation was reached. Be-
yond that point additions of water depressed sulfofication. 
'rhis indicates that sulfofication may occur to the optimum ex-
tent where moisture conditions are at the optimum for plant 
growth. 
Increasing the air content of the soil up to a certain point 
increased sulfofication. Thus mixing sand with soil up to fifty 
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per cent of each increased sulfofication. Beyond that point a 
depression occurred, probably due to a lack of organic matter 
or mineral matter. 
Finally, additions of carbohydrates were found to depress sul-
fofication, the larger the amounts the greater the depression; the 
depression varying also in the inverse ratio to the solubility of 
the carbohydratc material. 
The data thus far presented throws some light, therefore, on 
the process of sulfofication in soils, but much further work is 
necessary for the establishment of definite principles governing 
the process. 
THE GREENHOUSE EXPERIMENTS 
In order to test the use of the ' laboratory method for sulfo-
fication as devised and also to yield some data regarding the 
effects of different soil treatments on sulfofication, a greenhouse 
experiment was planned and begun in the fall and frequent 
tests made of the soils during the winter. 
For this experiment a typical Wisconsin drift soil was secured 
from an untreated plot which had been under cultivation in a 
regular four-year rotation. rrhe particular soil is classed as 
Carrington loam by the Bureau of Soils. 
The soil was sieved while moist and 30 pound portions weighed 
out- in stoneware pots, the materials added and the moisture con-
tent adjusted to the optimum, 25%. The ,arrangement of the 
experiment is given in table XXXVI. 
The manures and clover were dried and finely ground before 
being added to the soil. The first twelve pots were kept bare 
TABLE XXXVI- GREENHOUSE EXPERIMENT 
Pot No. I Treatment 
I 
1 and 2 Nothing 
3 and 4 25 tons horse manure per acre 
5 and 6 25 tons cow manure per acre 
7 and 8 4 tons clover hay per acre 
9 and 10 % ton CaS per acre 
11 and 12 1 % ton CaSO. per acre 
13 and 14 Nothing 
15 and 16 25 tons horse manure per acre 
17 and 18 25 tons cow manure per acre 
19 and 20 I 4 tons clover hay per acre 
21 and 22 lAl ton CaS per acre 
23 and 24 I % ton CaSO, per acre 
Pots 1 to 12 were kept bare for bacterial tests. 
Pots 13 to 24 were seeded to timothy and the crop yield obtained. 
for bacteriological tests and the duplicate twelve were seeded to 
timothy. It will be noted that the applications of manure were 
very heavy as was also the addition of clover hay. The amounts 
of the sulfide and the sulfate were large but not abnormal. 
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The experiment was begun on October 31, 1913, and the 
analyses of the soil and the materials added showed the fol-
lowing content of sulfur: 
Soil ...................... 0.0254% Sulfur 
Cow manure ............. 0.307 % Sulfur 
Horse manure ............ 0.217 % Sulfur 
Clover hay ............... 0.249 % Sulfur 
CaS ..................... 44.44 % Sulfur 
CaS0 4 ••••••••••••••••••• 18.604 % Sulfur 
At irregular intervals samples were drawn from the un-
cropped pots with all precautions to prevent contamination and 
tested in the laboratory for sulfofying power. The method newly 
devised was employed, namely the addition of 0.1 gm. of sodium 
sulfide or of free sulfur to 100 gms. of fresh soil, the moisture 
content adjusted to the optimum, and after incubation for five 
days at room temperature the sulfates leached out by shaking 
with water for seven hours in the shaking machine and deter-
mined as BaS04 by the use of the sulfur photometer. 
At the end of the experiment the crop yield was ascertained 
and the nitrogen content of the crop determined; these re-
sults are given later for the purpose of considering whether 
there exists any relation between sulfofication and crop produc-
tion. 
The results of the sulfofication tests of these soils appear in 
tables XXXVII, XXXVlII, XXXIX, XL, XLI, XLII, sodium 
TABLE XXXVII 
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I I [ [ 1 
I 
1 9.83 
1 2 9.79 
I 
9.81 3.32 0.82 5.67 
2 3 10.69 
2 4 12.33 11. 51 3.19 1.58 6.74 6.20 46.51 
3 
I 
5 8.57 
3 6 7.87 8.22 4.18 1.73 2.31 
4 7 
1 
9.00 
1 
4 8 7.06 8.03 4.33 1.10 2.60 2.45 18.37 
5 9 6.88 I 5 
I 
10 
\ 
6.98 6.93 4 .91 
I 
0.33 1.69 
6 11 9.09 I 6 12 lost 
I 
9.09 4.23 1.94 2.92 2.30 17.25 
7 13 I 6.48 I 
7 I 14 I 6.43 6.45 I 3.18 I 1.63 1.64 8 15 7.37 I I 
8 I 16 I lost 7.37 I 3.37 I 0.93 3.07 2.35 17.62 
9 
1 
17 I 22.49 I I 
9 18 I 23.40 I 22.94 I 13.10 I . . . . . . . . . . 9.84 10 19 
1
22
.
80 
I 
10 
1 
20 21 44 I 22.12 13.53 .......... 8.59 9.21 69.09 
11 21 18.35 I I 11 22 [ 17.78 18.06 8.52 I 0.62 8.92 
12 I 23 16.31 
1 1 
12 I 24 1 15 . 41 15.86 I 7.71 0.31 7.84 8.38 62.86 
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sulfide being used in all except one case where free sulfur was 
employed (table XL ) . 
'1'he first sampling was made on November 26, about four 
weeks after tho experiment was started, and the results obtained 
at this date are given in table XXXVII. The amount of oxida-
tion of the sodium sulfide upon shaking with water for seven 
hours with the various soils without incubation was determined 
and it will be noted in the table that there was some variation in 
the extent of oxidation although all the amounts were very small 
as compared with the total amount of sulfates produced in the 
soils after incubation. 
There are also of course a variable amount of sulfates in the 
different soils. All the treated soils ('x("(' ot thosr. to which the 
clover was applied showed a higher cori'tent in sulfates than 
the untreated soils. Thus the application of horse and cow 
manure led to an increase in the amount of sulfates present in 
the soils, which while not large was nevertheless (Iuite appre-
ciable. 
Where the calcium sulfide and calcium sulfate were applied 
there was, of course, a large amount of sulfates present in the 
soils. In the case of the calcium sulfide it was found that there 
was practically complete transformation of the sulfide to sul-
fate as evidenced by the amount present in the soil. The relative 
effects of the treatments in pots 9, 10, 11, and 12, therefore, were 
due to the different amounts of calcium sulfate present and not 
to any effect of the sulfide applied. 
It is quite evident that there is a very rapid change of cal-
cium sulfide into the sulfate when applied to the soil and also 
that when horse manure and cow manure were added to the soil 
the sulfur present in them in organic form was changed into sul-
fates. This transformation also occurred ([uite rapidly under 
the optimum water and temperature conditions which were oh-
served in this experiment. 
Examining now the percentage oxidation of the sodium sul-
fide in this first test, it will be seen that the untreated soil showed 
46.51 % oxidized. The horse manure, cow manure, and clover 
all depressed the oxidation, 18.37 %, 17.25%, and 17.62% being 
the percentages obtained respectively where these materials were 
used. 'fhis depression was the greatest with the cow manure 
although the differences were slight. '1'he cause for this effect 
of the manures used may be that the excessive organic matter 
introduced r estricted bacterial action perhaps by changing the 
reaction of the soil or by encouraging other species of organ-
isms which interfered with the activities of the sulfofiers. It 
was interesting to note in this connection that the depression in 
sulfofication corresponded almost exactly to the depression in 
the growth of timothy which occurred about the same time in the 
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pots where the manure was applied. It will be noted later 
that in some cases there were indications that this depressing 
effect of manures on sulfofication disappeared just as the re-
striction caused in the growth of timothy was finally removed 
as the manure was decomposed, and the crop yield secured was 
actually enhanced. 
Where the calcium sulfate was present in the soil, either intro-
duced as such or formed from the calcium sulfide, the sulfofying 
power was much greater than in the untreated soil. In the pres-
ence of the larger amount of sulfate produced from the sulfide, 
the sulfofying power was slightly larger, 69 % transformation 
against 62 % being found, but the increase over the untreated 
soil, which showed only 46 % oxidation, was very pronounced. 
The results indicate, therefore, that the presence of sulfates 
in the soil encourages the activities of the sulfofying bacteria to 
a considerable extent, the larger the amount present the greater 
the sulfofying power of the soil up to a certain limit. No at-
tempt was made to ascertain the point beyond which further 
addition of sulfates would not give a further increase in sulfofy-
mg power. 
Turning now to table XXXVIII, the results obtained at the 
second sampling which occurred on December 17 will be seen to 
be quite different in some respects from those securefl at the 
prcyious date. In the first place the percentage oxidation in the 
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7.83 I 6 12 7.61 7.72 4.72 1. 94 1.06 1. 49 11.17 
7 I 13 7.20 I 7 14 I 5.93 6.56 3.54 1.63 1.39 
8 I 15 I 6.14 I 8 I 16 I 6.30 6.22 3.75 0.93 1. 54 1.46 10.95 
9 I 17 I 25.09 I 9 18 I 25. on I 25.09 14. 55 .......... 10.54 
10 I 19 I 23.54 I 10 I 20 I 23.07 23.30 15.04 .......... 8.26 9.40 70 .51 
11 I 21 12.42 I I I 11 I 22 I 12.24 I 12.33 9.47 0.62 2.24 
12 I 23 I 11.98 I I I 12 I 24 I 12.42 I 12.20 8.57 I 0.31 3.32 2.78 20.85 
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*Omltted from the average. 
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check soil was very much smaller, only 5.33% of the sulfide 
being oxidized while at the previous sampling 46.51% was 
changed. Evidently the sulfur oxidizing power of the soil had 
reached a maximum and declined between the two samplings. 
The fact brought out here, that the sulfofying power of a soil 
in the greenhouse rises and falls, is in accord with many results 
which have shown a similar rise and fall in ammonifying and 
nitrifying powers in soils under similar conditions. It has been 
believed that in the latter cases there is a multiplication of 
bacteria to a large extent upon filling the pots and that this 
multiplication continues until there is such an accumulation of 
products of growth that a depression in numbers occurs. This 
depression in numbers of organisms has been frequently found 
to be followed by an increase. The cause of the increase has 
been explained on the basis of a disappearance of the injurious 
products of growth which brought about the depression and the 
multiplication of bacteria again occurs without restriction until 
the products of growth accumulate a second time. Another ex-
planation of the fluctuations in numbers of bacteria and of the 
variations in bacterial activities has been offered. It has been 
snggested that protozoans were present in soils and lived on 
bacteria and consequently would bring about a depression in 
numbers until the bacteria were so few that the protozoans died 
for lack of food when the bacteria would increase again. rrhis 
theory of protozoal influence on bacteria in the soil has been very 
generally questioned and certain experimental data has been 
advanced to disprove it. But whatever the reason a fluctuation 
in numbers of bacteria and in certain bacterial activities does 
occur in soils in the greenhouse and there is therefore good 
reason to assume that there may occur a fluctuation in sulfofying 
power of the soil as this depends so largely on bacterial agency. 
A smaller percentage oxidation occurred in the soils to which 
the manures and clover were added than at the previous sam-
pling but the differences were not nearly so great as in the check 
soil. In fact the amounts secured were larger than those 
obtained in the untreated sample. The depression did not occur 
in the soil receiving the CaS practically the same percentage 
oxidation being secured as previously, the amount being far 
above the figures for the check soil. rrhere was a much smaller 
oxidation in the soil to which the CaS04 was applied than oc-
curred at the first sampling but the amount was still much 
higher than that found in the soils receiving the manures. the 
clover or in the check soil. The results at the second sampling 
indicate, therefore, that the addition of cow manure and horsA 
manure, clover and CaSO. increase the sulfofying power of the 
soil, the latter material to the greatest extent. It will be re-
called that the CaS added was found to be entirely transformed 
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into the · sulfate prior to the first sampling so that the effects 
in that case must be considered as due merely to a larger amount 
of CaS04 and not to the effects of the sulfide, as such. It is 
evident therefore that the presence of calcium sulfate in the 
soil stimulates to a large extent the activities of the sulfofying 
bacteria and prevents the depression in numbers which occurs 
because of accumulations of products of growth in untreated 
soils. The depressing effect of the horse manure, cow manure 
and green clover which was observed at the first sampling was 
evidently following by an increase over the check soil, the cow 
manure showing the greatest increase of the three materials. 
It is quite reasonable to assume that at first the sulfofying bac-
teria were depressed in numbers and activities by the manure 
and as the manure became decomposed the depression disap-
peared and an increase was brought about. The fact noted in 
the previous sampling that the sulfur in the horse manure, the 
cow manure and the clover was transformed into sulfates quite 
rapidly is also emphasized in these results. 
In table XXXIX appear the results secured at the third 
sampling on December 31. The figures given show that the sul-
fofying power of all the soils increased considerably during thl' 
time between the second and the third sampling. '1'he untreated 
soil gave a much larger percentage oxidation that at the previous 
date, 18.07% against 5.33 %. The soils to which horse manure, 
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cow manure, and clover were applied all showed increased sul-
fofication, the cow manure again showing the largest amount. 
While in the previous instance, however, the sulfofying power 
of the soil receiving the clover was greater than that of the soil 
to which the horse manure was applied, in this case the clover 
treated soil was practically the same as the check soil in sulfate 
production, and the horse manure increased appreciably the sul-
fofying power of the soil. Again the calcium sulfate increased 
the sulfofying power of the soil, the larger amount (wh ere the 
CaS was applied) giving the largest increase. The percentage 
oxidation of the sulfur added as sulfide in these soils receiving 
applications of CaSO. was 83.12% and 70.87 % respectively, 
against an oxidation of 18% by the check soil. 
These results are in accord with the previous in showing that 
the depression in sulfofication occurring at first by the use of 
cow manure, horse manure and clover is followed by a decided 
increase. 'I.'he stimulating effect of CaSO 4 on sulfofication is 
also clearly shown, the larger the amount the greater the action. 
The next sampling was made on January 28 and the soils were 
tested for sulfofying power by means of free sulfur. The results 
are given in table XL. The average oxidation of the free sulfur 
in the soil upon shaking with water was so small that it was 
negligible. The percentage oxidation of the sulfur in the variou& 
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Note: The average oxidation of the free sulfur by shaking in the different soils 
'vas only 0.015 mgs. S. per 100 gms. of soil- too small to be considered. 
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soils was rather low on account of the short period of incubati.oll. 
l,ater results which have been discussed showed that with a ten 
to fourteen days' incubation when free sulfur is used the dif-
ferences in sulfofying power of soils are more pronounced. 'fhus 
the results here are not conclusive because the differences are too 
small. The soils receiving cow manure and horse manure gave 
a slightly smaller percentage oxidation than the check soils and 
the clover treated soil was still less in sulfofying power but no 
definite conclusions should be drawn. The soils receiving cal-
cium sulfate as such or a larger amount produced from the 
application of CaS, hovvever, showed a much higher sulfofying 
power than the check soil, the larger the amount of sulfate pres-
ent the greater the sulfofication. 
On February 6 another sampling was made and the sulfofy-
ing power of the soils tested using the sodium sulfide and incu-
bating for five days at room temperature. 'fhe results secured 
here are given in table XLI. They do not check in every 
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respect those obtained at the previous samplings. Thus con-
sidering the percentage oxidation of the sulfide in the different 
soils it appears that the soil receiving horse manure gave a 
slightly smaller sulfofying power than the check but it will 
be noted that the results from the duplicate soils do not check 
well, one showed 1.90 mgs. S. as sulfate produced while the other 
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gave 3.27 mgs. S. as sulfate. It appears that some factor inter-
fered, that the conditions in pot No.3 for some reason were not 
the same as those in pot No.4. 1£ the larger result is employed, 
an increase in sulfofying power such as was observed previously 
would be shown. This is a difficulty often met with in green-
house work some influence unknown and therefore uncontrollable 
may interfere and prevent the agreement of results in duplicate 
pots. The cow manure treated soils gave an increase in sulfofy-
ing power over the check soils. Here again, however, the results 
from the duplicate pots did not agree very well, one soil showing 
a much smaller sulfofying power than the other and if the higher 
results were used the differences would have been much greater. 
With the clover treated soils quite a depression in sulfofication 
was found corresponding to that observed in the previous series 
where free sulfur was used as a measure of sulfofication. 'L'he 
calcium sulfate in t he larger and smaller amounts increased to a 
large extent the sulfofication. These results check those pre-
viously secured showing the power of sulfates in the soil to 
increase the sulfofying power of the soil. 
In table XLII appear the results obtained at the last sampling 
on February 11. Again there were some variations in the results 
from those previously secured. The horse manure seemed to de-
press again the sulfofying power of the soil just as was noted 
in the preceding series, in spite of the fact that at the second 
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and third samplings an increase was observed. The cow manure 
again gave an increase in sulfofication. This effect of cow ma-
nure in increasing the sulfofying power of the soils was quite 
consistently shown, at every date of sampling except the first. 
Again an unexplainable variation occurred in the sulfofying 
power of the clover treated soil. Here an increase in sulfofica-
tion was found just as was observed at the second and third 
samplings although at the other dates a depression was found. 
Here again, however, the duplicate pots did not give satisfactory 
results and hence too much dependence should not be placed 
upon the results. Again the CaS04 , applied as such or as CaS, 
which was immediately oxidized to the sulfate and brought 
about the presence of a larger amount of sulfate in the soil, caused 
large increases in sulfofying power, the larger amount of sulfate 
giving the larger increase. 
Considering the results of the sulfofication tests as a whole 
some facts appear quite distinctly. In the first place it was 
found that the application of calcium sulfide, cow manure, horse 
manure, and clover hay to the soil increased to a considerable 
extent the sulfate content of the soil. This increase was the 
greatest in the case of the material containing the largest 
amount of sulfur. It is apparent, therefore, that when such 
substances were applied to the soil, the sulfur which was pres-
ent in an insoluble, unavailable form, for example in the manures 
as complex organic compounds, was changed quite readily into 
sulfates. The sulfide was oxidized completely very soon after 
introduction into the soil and the other substances were trans-
formed only slightly less readily in the particular soil used in 
the experiment. It is possible of course that such ready oxida-
tion would not occur in other soils, in fact the results secured 
earlier in this work would prove that point for it was found that 
soils varied widely in their ability to oxidize sulfur compounds 
to sulfates. Under optimum moisture and temperature condi-
tions, however, in a fairly fertile soil sulfofication undoubtedly 
occurs very readily. 
The presence of sulfates in the soil was found to increase to a 
large extent the sulfofying power of the soil. 'l'he greater the 
amount of sulfates, the greater was the sulfofication up to a 
certain limit. rrhis limit, however, was not determined. These 
facts were shown quite distinctly by the results secured in the 
tests of the soils receiving calcium sulfate and calcium sulfide. 
The latter material as was pointed out was very quickly changed 
completely into the sulfate and hence as it was applied in the 
same amount as the sulfate, after its oxidation more sulfate was 
present than in the soils to which the sulfate itself was applied. 
In these soils to which the sulfide was applied the sulfofication 
was greater at every date of sampling than in the soils receiv· 
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ing the sulfate and in both it was very much greater than in the 
untreated soil or in the soils to which the manures were applied. 
'l'he application of horse manure, cow manure and clover to the 
soils depressed at first the sulfofying power of the soil, the cow 
manure showing the largest depression. This depression in sul-
fofication corresponded exactly in point of time with an observed 
retardation in the growth of timothy on the corresponding 
cropped pots. 'rhe applications of these materials were very 
hea.vy, much heavier than they would have been in practice 
except perhaps in market gardening or greenhouse work and 
an injurious effect on the crop at first might be expected. It 
is interesting to note that the injurious action on the crop was 
coincident with the depression in sulfofying power. 'l'he depress-
ing action of the manure on the sulfofying power of the soil 
disappeared before the second sampling and at that time and 
at all subsequent dates with a few exceptions in the case of 
individual soils increases in sulfofication were found. Of the 
three materials the cow manure gave the greatest increase, the 
horse manure was next, and the clover showed the smallest 
effect. In the case of the soils receiving horse manure and 
clover in a few instances the results were not in accord with 
the general trend of the majority of the determinations and 
these variations were probably due to some unkno'wn factor ac-
cidentally appearing in individual pots and null~ying the 
effects of the factors under examination. Such accidental inter-
ference of uncontrollable factors is prone to occur in green-
house experiments and constitute one of the greatest difficulties 
in the prosecution of such work. The results given later show 
that the injurious action of the manures on the crop gradually 
disappeared and the yield of timothy was actually increased. 
Of the manures the cow manure gave the greatest increase in 
crop yield, the horse manure showed slightly smaller effect 
and the clover caused a still smaller increase. The close agree-
ment here between the effects of the manures on sulfofication 
and on crop yields was clearly shown; at first a depression in 
sulfofication and injury to the timothy, followed by an enhanced 
sulfofying power in the soils and increased crop yields. 
The C1·0p Yields 
'l'he results of the crop experiment are given in table XLIII. 
These soils were the exact duplicate of those tested for sulfofying 
power, except that they were seeded to timothy. The crop was 
harvested just prior to maturity, dried, ground, and analyzed 
and a study of the results shows some of the interesting rela-
tions to the bacteriological results which have just been noted. 
It will be seen that the horse manure, cow manure and clover 
all gave increased yields of timothy over that on the untreated 
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soils, the cow manure showing the largest increase and the clover 
the smallest. 'l'he calcium sulfate applied as such increased the 
crop yield to the same extent as the clover but the larger amount 
applied as CaS which was found to be oxidized to the sulfate 
very 'quickly did not increase the yield at all. It would seem, 
therefore, that a small application of calcium sulfate to the 
soil increased the yield but a larger amount brought about no 
increase over the untreated soil. Whether a still larger appli-
cation would depress the crop yield remains to be tested but 
these results would indicate that such would be the case. 
Examining the nitrogen content in the crop, it is seen that 
there was a consideJ'able variation in the amount present in the 
timothy from the different soils. rfhis fact taken together with 
the variation in actual dry weight of crop brought about some 
striking differences in the total amounts of nitrogen removed by 
the crop from the variously treated soils. The crop from the 
soil r eceiving horse manure removed the largest amount of nitro-
gen, that from the clover treated soil was second, that from the 
cow manure treated soil was next and that from the soil to which 
calcium sulfate was applied took out a much smaller amount of 
nitrogen. In all these cases, however, more nitrogen was re-
moved by the crops than from the untreated soils. Where the 
larger amount of sulfate was present there was a slightly smaller 
~mount of nitrogen removed from the soil by the crop than by 
the crop on the untreated soil. It is apparent, therefore, that. 
the effects of soil treatment on the crop yield and on the actual 
nitrogen removed from the soil are quite variable and not neces-
sarily in the same direction. 
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The interesting facts which must be emphasized here, how-
ever, are that the manures exerted the same effect on crop yield 
and on sulfofication and calcium sulfate in small applications 
did the same. When present in larger amounts the sulfate may 
cause no increase in crop yield although there is a large increase 
in sulfofying power. In other words the effects of calcium sul-
fate on crops and on sulfofication are the same up to a certain 
amount of the sulfate, beyond which the crop is not affected but 
sulfofication is. If the amount were still further increased the 
sulfofying power and crop yield might both be depressed. Fur-
ther experiments should yield interesting data along this line. 
THE SULFUR CONTENT OF lOW A SOILS 
As has been pointed out in previous pages, analyses of ordi-
nary farm crops by the improved Osborne method have shown 
that much larger quantities of sulfur are removed from soils by 
the growth of such crops than had previously been supposed. 
This fact immediately brings up the question of the supply of sul-
fur in the soil and analyses of some typical Iowa soils have been 
made. A few of the samples of soil, the plant food content of 
which is reported in a recent publication,33 were analyzed for their 
sulfur content. These samples were used for the reason that they 
had been carefully chosen as representative of the large soil areas 
of the state. rrhus there were samples of the Missouri loess, the 
Mississippi loess, the Southern Iowa loess, the Wisconsin drift and 
the Iowan drift soils. These samples were taken at three depths, 
0-6 2/ 3" representing the surface soil, 6 2/ 3"-20" , representing 
the subsurface soil and 20"-40", representing the subsoil. 
rrhe sodium peroxide fusion method proposed by Osborne and 
worked out by Hart and Peterson, with one important modifi-
cation which will be described later, was employed in this work 
for the determination of the total sulfur in the soils. The 
method was carried out as follows: 
Ten gram quantities of the soils, air-dried and ground, were 
weighed out in nickel crucibles, moistened with water and about 
ten grams of a weighed twenty gram portion of sodium per-
oxide added. This was then thoroughly mixed with the soil and 
the crucible placed over an alcohol flame and heated gently until 
the mass was dry. The mixture was then stirred until it was 
quite white. rrhe remainder of the peroxide was then added and 
the crucible was covered and heated over a strong flame for about 
·an hour. After cooling the fused mass was removed from the 
crucible with hot water and acidified with HOI. About 10 C.c. of 
HOI was then added and the mixture was heated on a steam 
bath until the fused mass was entirely broken up and all the 
chlorine gas was expelled from the solution. The mixture was 
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then transferred to a 500 c.c. volumetric flask and made up to 
volume. After settling an aliquot of 300 c.c. was drawn off and 
the iron and aluminum present were removed by the addition of 
ammonium hydroxide and filtering. The filtrate was made 
slightly acid by the addition of a few drops of HOI. This 
removal of iron and aluminum was apparently quite essential 
for the obtaining of satisfactory results. When these materials 
were not removed much difficulty was experienced in securing the 
agreement of duplicate determinations and the sulfate pre-
cipitates were apt to be contaminated with iron and aluminum 
compounds. The previous descriptions of the method do not 
mention the need of a removal of iron and aluminum but this 
work indicates that little dependence could be placed upon re-
sults secured in their presence and they should be removed 
therefore before the preciptation of the sulfates. The extent of 
the interference of these constituents undoubtedly depends upon 
the amounts in which they occur in the soils tested. 
It was found necessary also that only a slight excess 'of acid 
be introduced before the addition of the barium chloride as a 
large amount of HOI prevented to a considerable extent the pre-
(lipitation of the barium sulfate. This precipitation was then 
performed as usual by the addition of 10 C.c. of a hot 10% 
BaOl2 solution to the boiling filtrate obtained as described above, 
allowing this to stand for several hours on the hot plate and then 
for twenty-four hours, filtering, washing, drying, heating over 
the blast, and weighing. According to this method no difficulty 
was experIenced in obtaining an agreement of duplicate deter-
minations and the results were quite satisfactory. 
'rhe total sulfur content and the sulfate content of the soils 
from the various soil areas are given in tables XLIV, XLV, 
XLVI, XLVII, and XLVIII. These results were obtained by 
TABLE XLIV- THE ANALYSES OF MI3 S0URI LOESS SOILS 
o 
z County Depth of Samplin£ Soil Stratum 
4 II Shelby 0 to 6 ~ " .. , .... . Surface ...... ........ ,.1 
Shelby 6£" to 20" ...... Subsurface .......... . .. 1 
Shelby 20" to 40", .... . Subsoil .......... . . , ... , 
15 Monona. . . . . . 0 to 6§" .. ' ..... Surface ...... .... . .... . 
Monona ...... . 6~" to 20" ...... Subsurface . ........... . 
Monona ...... 20" to 40" ..... . Subsoil ........ ... ..... . 
20 Woorbury .... , (1 t,o 63" .... .... Surface ......... ..... . . 
I Woodbury .... . 6~" to 20"..... Subsurface .. .. ...... . .. Woodbury .... . 20" to 40" ..... . Subsoil ....... . ........ . 108 Pag e ... .. ... , 0 to 6~" .... , .. , Isurface , ..... ,. , .... . . . 
"Pa"""c ......... 6ri" to 20" . .... Subsurface ........ . .. . '! 
I Pa:rc 20" to 40" ..... . Subsoil ....... ,., . • ', .. . 
--~I~--------_--
38 
trace 
trace 
34 
trace 
108 
34 
trace 
trace 
trace 
112 
96 
751 
1090 
1299 
802 
1396 
lo~6 
75a 
12€8 
1449 
716 
1204 
1140 
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calculating the sulfur in pounds present per two million pounds 
of surface soil, per four million pounds of subsurface soil, and 
per six million pounds of subsoil. 
The sulfate content of the soils was determined by shaking 100 
grams of the soils with 200 C.c. of water in the shaking machine 
for seven hours, filtering and precipitating with barium chloride 
and determining the sulfates by the use of the sulfur photometer. 
An examination of the tables will show that there was a consid-
erable variation in the content of sulfates in different soils of 
the same type. This is to be expected when it is recalled that 
sulfates are constantly being produced in the soil from the in-
soluble compounds and that these sulfates are partly taken up 
by plants and partly leached out of the soil. The amount present 
in the soil at anyone time depends therefore on several factors, 
among which are the rate of production or the efficiency of the 
sulfofying bacteria in the soil, the crops grown and their sulfur 
content, and the drainage from the soil. No conclusions can be 
drawn therefore from the amounts of sulfates present in these 
soils and the results have not been averaged. 
There was some variation also in the total sulfur content of the 
various soils within the same areas. Thus in table XLV givin~ 
TABLE XLV- THE ANALYSES OF MISSISSIPPI LOESS SOILS 
'0 
rn 
County 
Depth of 
Sampling Soil Stratum 
67 I Muscatine ..... 1 0 to 6fi" .. ····· ~ Surface ........ .. ..... . 
Muscatine ..... 65" to 20" .... .. Subsurface . .. ..... .... . 
Muscatine ..... 20" to 40" ...... Subsoil ................ . 
77 Des Moines ... 0 to 6g" ........ Surface ............... . 
Des Moine& ... 65" to 20" ..... , Subsurface ............ . 
Des Moines ... 20" to 40" .. .... Subsoil . . . ............. . 
124 Poweshiek .... 0 to 6fi" ........ Surface .............. .. 
Poweshiek . . .. 6§" to 20" . . .... Subsurface ........ .. .. . 
Poweshiek .... 20" to 40" ...... Subsoil ............... . . 
127 Johnson 0 to 6~" ........ Surface .............. .. 
Johnson 65" to 20" ...... Subsurface ............ . 
Johnson ...... 20" to 40" ..... . Subsoil ................ . 
I 
'" ... 
" 
" ~Q)~ 
!-I~ PI 
Z~vi 
'3"'" rn"'~ 
36 
trace 
trace 
60 
184 
156 
60 
176 
126 
74 
72 
trace 
" ~~ 
.... " 
'"3[j 
"'", 
3m 0'" E-<~ 
441 
812 
1002 
803 
1052 
1056 
847 
1372 
1326 
787 
1058 
804 
the analyses of the Mississippi loess soils, No. 67 contained only 
441 lbs. of sulfur per acre in the surface soil while the other 
samples showed 803, 847, and 787 lbs. per acre respectively. 
Similarly in table XLVI, sample No. 89 contained 574 lbs. of 
sulfur per acre while the other three samples of Southern Iowa 
loess soils showed a content of 760, 863, and 886 lbs. per acre. 
This variation in sulfur content might be expected for as Shedd 
has pointed out in his study of Kentucky soils that there was 
much less sulfur in cultivated, unmanured soils than in virgin 
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TABLE XLVI- THE ANALYSES OF SOUTHERN IOWA LOESS SOILS 
.; 
Z 
'0 
Ul 
83 
89 
94 
102 
County 
Monroe ...... . 
Monroe .... .. . 
Monroe ...... . 
Appanoose 
Appanoose . .. . 
Appanoose . .. . 
Decatur ...... . 
Decatur ...... . 
Decatur .... .. . 
Ringgold 
Ringgold 
Ringgold ... . . . 
Depth of 
Sampling Soil Stratum 
oo~o 6a".;, .... '. Surface ... " .. ........ . 
6" to 20 ...... Subsurface .. .......... . 
20" to 40" ...... Subsoil ................ . 
o to Sa".,, · .... Surface .......... • ..... 
6g" to 20" ..... . Subsurface ............ . 
20" to 40" ...... Subsoil .... ....• ....• ... 
o to 65".·· .... ~ Surface ............... . 
6~" to 20" ..... . Subsurface .... • ........ 
20" to 40" ...... Subsoil .. .. .. .. ........ . 
o to 6H" .... · ... Surface ............... . 
6ff" to 20" ...... Subsurface ............ . 
20" to 40" ...... Subsoil ................ . 
" " 
" 
'" " .. 
" " ~]~ 
..... "a m ~CIl~ 
82 
96 
138 
70 
156 
210 
46 
72 
trace 
62 
100 
trace 
TABLE XLVII- THE ANALYSES OF WISCONSIN DRIFT SOILS 
County 
30 Clay ......... . 
Clay ......... . 
Clay ......... . 
36 Kossuth 
Kossuth ...... . 
Kossuth ...... . 
A Story .....• ... 
B \ Story ..... ... . 
C Story ........ . 
D Story ........ . 
Depth of 
Sampling Soil Stratum 
o to 611"· ·· .···. Surface ......• . . . .. . ... 
6~" to 20" ...... Subsurface ........ .... . 
20" to 40" ... . .. Subsoil ........•....•... 
o to 65" ... ..... Surface ............... . 
6B" to 20" 0 •••• • Subsurface .....•....... 
20" to 40". 0 •••• Subsoil ... 0 •• 0 •••••••••• 
o to 6~" ... 0 •••• Surface .0.00 ••••••••••• 
o to 6~". o •••••• Surface. 0 •• 0 ••••• • ••••• 
o to 6~" .... , ... Surface ............... . 
o to 65" 0 ••••••• Surface .......... .. 0 • • • 
" 
" 
" 
'" " 
" "" ~~ ~ 
.... !!:: 
~~~ 
94 
152 
trace 
40 
100 
114 
TABLE XLVIII- THE ANALYSES OF IOWAN DRIFT SOILS 
.; 
Z County 
42 I Cerro Gordo ... . 
Cerro Gordo ... . 
Cerro Gordo 0 ••• 
45 Floyd ... ..... . 
Floyd . . ...... . 
Floyd 
46 Bremer ..... . . 
Bremer .0 •• ••• 
Bremer ...... . 
57 Delaware 
Delaware 
Delaware ... 0. 
Depth. of TOil Stratum Samplmg 
o to 65" ........ Surface .00 •••• 0 •••••••• 
6~" to 20" ...... Subsurface . .. .... .. ... . 
20" to 40" ...... Subsoil ........ .. ..... . . 
o to 6~" ........ Surface ........•....•.. 
6il" to 20" ...... Subsurface ........ . ... . 
20" to 40" ...... Subsoil ........ . ....... . 
o to 6~" ........ Surface ............... . 
6~" to 20" 0 ••••• Subsurface .... .. ...... . 
20" to 40" .. ... . Subsoil 0 •••• • ••••••••••• 
6W' to 20" ...... Subsurface ............ . 
o to 65" ........ Surface ..... . .......... ) 
20" to 40" ... . . . Subsoil ........... .. ... . 
112 
188 
144 
52 
102 
54 
76 
trace 
56 
100 
108 
" ~~ 
.... " 
"3" 
"'" ]~ 
0..0 E-<-
760 
1054 
953 
574 
1140 
1146 
863 
916 
831 
886 
1310 
1292 
" ~tl 
.... " 
"3" 
"''' 
-'" 
" 
..., . 
0'" E-<:5 
902 
1546 
1263 
1110 
1510 
1392 
1130 
892 
750 
846 
1233 
1312 
792 
1094 
1438 
795 
647 
1062 
747 
599 
1016 
1087 
108 
TABLE XLIX- SULFUR AND PHOSPHORUS IN IOWA SOILS 
Average Pounds per Acre of Two Million Pounds of Surface Soil, Four Million 
Pounds of Subsurface Soil a nd Six Million Pounds of Subsoil 
I Surface 
Sulfur Phosphorus 
Soil 
\Subsurfacel Surface \Subsurface ! Subsoil Subsoil 
I I 
Missouri loess ..... \ 755 
I 
1239 1363 1538 2697 3892 
Mississippi loess ... 719 1073 1047 1361 2204 3003 
Southern Iowa loessi 770 1105 1055 1368 2089 297? 
Wisconsin. drift .... 938 1528 1327 1395 2217 325; 
Iowan dl'lft .... . .. 893 1207 855 1289 2207 2889 
I I I 
soils, it is quite evident that not only would soils of different 
origin vary widely in sulfur content, but also soils of the same 
ori~~!l differentiated by different treatments or under different 
weather conditions would contain quite different amounts of 
sulfur. Averages have been struck for the total sulfur content 
of the soils in the five large soil areas in the state and while 
these averages would undoubtedly be altered somewhat by in-
cluding the results of the analyses of a larger number of samples 
it is felt that they show fairly accurately the amount of sulfur in 
these typical soil areas. These average results appear in table 
XLIX, together with the average phosphorus content obtained 
by the analyses of a large number of typical soils, the results of 
which have been published. 
It will be noted that there was not a wide variation in the total 
sulfur present in the surface soils in the various soil areas. The 
Wisconsin drift was the richest in sulfur, the Iowan drift next, 
then the Southern Iowa loess, then the Missouri loess, and the 
Mississippi loess was the lowest in this element. As a general 
rule the drift soils appeared to be higher than the loess soils in 
sulfur at least in the surface 6 2/ 3 inches. In the subsurface the 
same relations did not exist. The Mississippi loess was again 
the lowest in sulfur but the Missouri loess was higher than the 
Southern Iowa loess or the Iowan drift soil. Again the Wis-
consin drift soil showed the largest amount of sulfur. In the 
subsoil further variations between the different soils in regard 
to their sulfur content occurred. The Missouri loess here showed 
the largest amount, slightly larger even than the Wisconsin 
drift. The Mississippi loess and the Southern Iowa loess were 
lower than these two and about the same in sulfur content. 
H ere, however, the Iowan drift contained the smallest amount 
of sulfur. It is apparent, therefore, that at the surface the 
drift soils contained more sulfur than the loess soils but at the 
lower depths the Iowan drift decreased rapidly in amount of 
sulfur present and the Wisconsin drift also decreased but in that 
soil area the amount present in the subsoil was still greater than 
that in the subsoils under most of the other soil areas. 
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Comparing these results with the average amounts of phos-
phorus in these large soil areas it will be seen that there was 
nearly twice as much phosphorus as sulfur in the surface soils 
of some of the large soil areas while the differences were not so 
great in other cases. 'l'he phosphorus content in the subsurface 
soils and subsoils was very much greater than the sulfur content. 
It has been believed that phosphorus was the element most apt 
to be lacking in Iowa soils and systems of permanent agriculture 
should all center around it. These results show that there is 
much less sulfur than phosphorus in the soils and hence they 
indicate that all systems of permanent agriculture in Iowa which 
leave the sulfur out of account would be incomplete and in-
sufficient. 
It will be well to consider here the relative amounts of sulfur 
and phosphorus in the common farm crops and to calculate the 
TABLE L- POUNDS OF SULFUR AND PHOSPHORUS REMOVED PER ACRE 
BY MAXIMUM CROPS 
Crop 
Corn grain . .. .. ................... . 
Corn stover ............. . ............ . . . 
Corn crop ......................... . 
Wheat grain . . ... ....... .......... ..... . 
Wheat stra w ........................ •.. . 
Maxim um 
Yield 
100 bu. 
3 T. 
50 bu . 
2'/2 T. 
Pounds 
Sulfur 
Pounds 
P >osphorus 
8.5 17 
7.5 6 
16.0 2a 
4.3 12 
5.9 4 
Wheat crop ..... • .... . .•......................... . 1 10.2 16 
Oats grain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 bu. 6.8 11 
Oats straw. . . . . . . . . .. . . . . .. . . . . . . . . . . .. 21J, T. 9.7 5 
----------1----------
Oats crop ......................... '. ... ........... 16. 5 16 
Barley grain . . . . . . . . . . . . . . . . . . . . . . . • . . . . 60 bu. I 4.0 10 
Barley straw.................... . ...... 1 Y2 T. 4 .4 2 
------
Barley crop . . . . . . . . . . • . . . . . . • . . . . • .. .............. 8 .4 12 
Potatoes. . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . 400 bu. I 32.6 17 
~I~~:~y h~~;: : : : : : : : : : : : : : : : : : : : : : : : : : : : ~ i: I fU ~~ 
C'over hay............................. . 4 T. 15.2 12 
depletion of soils in these constituents by the growth of ordinary 
crops. These figures are given in table L, the percentage of 
sulfur in the crops being obtained from the analyses by Hart 
and Peterson and the number of pounds removed from the 
soil by maximum crops being calculated in each case. 
A brief examination of the table shows that there are lluite 
considerable amounts of sulfur removed by one maximum crop. 
Thus 8 tons of alfalfa hay take out 45.9 Ibs. of sulfur, and 400 
bushels of potatoes, 32.6 Ibs. of sulfur. 'fhe amounts of sulfur 
removed are in most cases about the same or slightly less than 
the phosphorus taken out. Comparing these results with the re-
sults of the analyses of the soils it will be seen that there is 
enough sulfur in the Mississippi loess soil, the poorest in sulfur. 
to grow 44 maximum crops of corn, 71 maximum crops of wheat, 
22 crops of 400 bu. of potatoes or 15 crops of 8 tons of alfalfa 
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hay. In the other soils enough is present for a slightly larger 
number of crops. Of course, if the corn stover and small graiu 
straws are not removed from the soil and the grain crop alone 
is to be considered the " life" of the soil is much greater but it 
is evident that there is not enough to keep crops well supplied 
indefinitely. 
SUMMARY 
rrhese studies of sulfofication or sulfur-oxidation in soils lead 
to the following conclusions: 
1. Sulfates cannot be extracted from soils by treatment with 
dilute hydrochloric acid because of the interference of 
organic substances and iron compounds. 
2. Shaking with water in the shaking machine for seven 
hours extracts sulfates completely from soils. 
3. The use of the sulfur photometer is a rapid and accurate 
means of determining sulfates. 
4. Soils have a definite sulfofying power which is determin-
able in the laboratory. 
5. The method devised for determining sulfofication consists 
in the addition of 0.1 gm. of NazS or of free sulfur to 100 
gm. quantities of fresh soil and incubating for 5 to 10 days. 
The latter material is the best as there is no chemical 
oxidation of it upon shaking with water for seven hours. 
Sulfides such as NazS, K 2 S, and CaS are oxidized to a small 
extent when shaken with water for seven hours the sodinm 
sulfide being changed to the least extent. 
6. The process of sulfofication is mainly brought about by 
bacterial action bTIt there is probably also a small produc-
tion of sulfates in soils due to chemical action. 
7. Free sulfur is oxidized much less readily in the soil than 
tlie sulfides. (NazS, K 2S, and CaS.) 
8. Soils differentiated by various treatments vary widely in 
sulfofying power. 
9. 'l'he presence of organic matter in the soil influences sulfo-
fication. Additions of manure and green manure up to a 
certain point increase the sulfofying power of the soil. 
10. The optimum moisture content of the soil for sulfofication 
to occur is 50% of the amount necessary for complete sat-
uration. This indicates that optimum sulfofication may 
occur in soils which contain the optimum moisture content 
for crop growth. 
11. rrhe amount of air in the soil has an important effect on 
sulfofication. Mixing soil with sand up to 50% of each in-
creases sulfofication. Beyond that point, however, a depres-
sion occurs probably due to lack of organic or mineral 
matter. 
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12. The addition of carbohydrates to the soil depresses sulfo-
fication, the greater the amount added the greater the de-
pression. rfhe depression also varies in the inverse ratio 
to the solubility of the carbohydrates. 
13. Greenhouse tests showed that applications of 25 tons of 
horse manure or cow manure and 4 tons of clover hay 
exert similar effects on sulfofication and on the yield of 
timothy. At first there was a depression in sulfofication 
and an injury to the crop but this was followed by an in-
crease both in sulfofying power and in crop yield. Calcium 
sulfate applied to the soil at the rate of 112 ton per acre 
increased slightly the crop yield but the Y2 ton of CaS 
which was found to be completely oxidized in a short time 
to the sulfate, corresponding therefore to the addition of a 
larger application of the sulfate, gave no increase in crop. 
The sulfofying power of the soil was increased to a very 
large extent in both cases, the larger amount of calcium sul-
fate giving the greatest effect. 'l'he transformation of CaS 
into sulfate in this particular soil was shown to be very 
rapid and the oxidation of the sulfur in the manures was 
only slightly less rapid. 
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